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NSWC/WOL/TR 75-116 6 October 1975

EXPLOSION EFFECTS AND PROPERTIES: PART I - EXPLOSION EFFECTS IN AIR

This report includes a new collection and presentation of existing
data. It supersedes Sectlion A (Explosions in Air) of NOLTR 65-218,
"Explosives - Effects and Properties." Sections B, C, and D of
NOLTR 65-218 will be superseded in forthcoming reports. In a report
of thi- nature, errors are bound to creep in; the Center would
appreclate having such errors brought to its attention, so that
subsequent editions of this report can be more accurate. Please
address correspondence to Commander, Naval Surface Weapons Center,
White Oak, Silver Spring, Maryland 20910, Attention: Code WR-15.

This compllation was accomplished under Naval Sea Systems Command
Task Number SF33-354-315/1846¢C.
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CHAPTER 1

EXPLOSION EFFECTS IN AIR

One of the major regions of energy release of an explosion taking
place in air (or under a surface at small depths of burst) 1is the
airblast. The explosion initially creates a relatively compact volume
of high energy gases. The outward expansion of these gases produces

a piessure (shock) wave which travels initlally at supersonlc speeds.

Under ideal conditions for a spherical charge, the front of the
shockwave forms a sphere, centered at the site of the explosion.
Immediately behind the front is a region of high veloclty, high
temperature air flow. At the shock front, the pressure, temperature,
and density rise very suddenly to values much greater than that in
the ambient atmosphere, and then decay to values lower than amblent
conditions, with a reversal in the direction of the air flow.
Eventually, these parameters return to the ambient conditlons. These
conditions are shown qualitatively in Figure la for three times——tl,
t2, t3, with tl < t2 < t3. FPigure 1lb i1s a redrawing of one of the
pressure-time curves shown. On 1t are shown and defilned some of the
parameters of particular interest in alrblast, namely: (1) time of
arrival, (2) peak overpressure, (3) positive phase duration (positive
duration), and (4) positive phase impulse (positive impulse).

Scaling laws are used to calculate the characteristic properties of
the blast wave from an explosion of any given energy 1if those

for another energy are known. With the ald of such laws, 1t 1s
possible to present data for a large range of welghts in a simple
form.

Theoretically, a given pressure will occur at a distance from an
explosion that is proportional to the cube-rcot of the energy

yield (this is known as "cube-root scaling" or Hopkinson Scaling).
Tests of Hopkinson Scaling have shown that 1t holds over a wlde range
of explosive weights (from microtons of explosive up to and

including megatons). According to Hopkinson Scaling, 1if Rl is the

distance from a reference exploslon of W, pounds at which a specified
parameter occurs, such_as overpressure o% dynamic pressure (dynamic
pressure, q, is 1/2 pu?, where ¢ 1s the density of air and y is the
particle velocity), then for any explosion of W pounds, these same
parameters will cccur at a distance R given by:

it B
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oL \1/3
R/Rl = (W/wl) (1)

Lpplying these same relatlonships to times and to impulses gives the
followlng relationships:

£/t /)3 (2)

I/1

1= R/R1

, 1/3
1 = R/Ry = (W/Wl) (3)

where t, represents the arrival time or positive phase duration and
I1 is t%e positive impulse for the reference explosion of welght wl;

as before R and Rl are distances from the new and reference charges.

By rearrangling equations (1), (2), and (3), the following relationships
are obtailned:

rR/W/3 = Rl/wll/3 = ) : (4)
R
1/3 1/3 1/3
t/W = t./W when R/W™' 7 = —— (5)
1 1 w11/3 i
j |
1/3 _ 1/3 1/3 _ Ry |
I/W = Il/wl when R/W = 5"373 (6)

The quantity R/Wl/3 is defined as the scaled distance,x% The }

aquantity 1:/Wl/3 is defined as scaled time, and I/w¥/3 as scaled
positive 1mpulse, where R, t, and I are the unscaled parametets.

All of the information presented in this report is based either on
experimental data or computer extrapolations of experimental data.

As wlth any result based on experimental data, there i1s an inherent
scatter involved; 1.e., the curves and tables presented represent the

"best fit" or average values of the data, with some assoclated error
band. '

|
CAVEAT: These scaling laws are strictly applicable only under certain
conditlons; namely:

(1) 1dentical ambient conditions ' ‘%
(2) identical charge shapes ' I
(3) identical charge to surface geometries i

nowever,; for practical reasons, they are applied even when f
only similar conditions exlst. .

Most of the information presented in this report is in terms of English
units of measure. Figure lc contailns conversion factors for convert-

ing this information to the Metric System. @
A 1list of symbols used in this report are defined and presented in é
Figure 1d. Figure le presents a graph of cube roots of numbers up to ”f
100,

et g 2t g anged S S e R P
o S B AR B S et S
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x
B |
¥ OVERPRESSURE
|y A
(,I
|
!
{
P
IMPULSE (i.e., AREA UNDER CURVE)
AMBIENT
PRESSURE ~ T e
(Po) TOA Tpos TIME
|<— POSITIVE PHASE—»F—NEGATIVE PHASE—*‘

(1) TOA (TIME-OF-ARRIVAL)=® THE TIME REQUIRED FOR THE SHOCK WAVE TO
TRANSIT THE DISTANCE FROM THE CENTER OF
THE EXPLOSION TO THE POINT AT WHICH THE
MEASUREMENT IS TC BE MADE,

(2) P (OVERPRESSURE) & PEAK PRESSURE ABOVE AMBIENT CONDITIONS,

(3) 7= POSITIVE PHASE DURATION « THE LENGTH OF TIME (MEASURED FROM
THE FIRST PRESSURE RISE) NECESSARY FOR THE OVERPRESSURE TO
RETURM TO THE AMBIENT PRESSURE,

(4) POSITIVE PHASE IMPULSE® fr P(t) dt
(¢

FIG. tbh IMPORTANT SHOCK WAVE PARAMETERS
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TO CONVERT

FEET

FEET

METERS
CEITIMETERS

CUBIC FEET
CUBIC FEET
CUBIC CMS,
CUBIC METERS

POUNDS
POUNDS
GRAMS
KILOGRAMS
TONS (SHORT)
TONS (SHORT)

GRAMS /CM3
GRAMS /CM3
POUNDS /NS
POUNDS /213
KG/M3

POUNDS/FT3

PSI(POUNDS PER SQUARE INCH)
BARS

PSI (POUNDS PER SQUARE INTH)
PASCALS

Sl

'Sl = MSEC

FTAB1/3

FIG. ¢
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INTO

CENTIMETERS
METERS

FEET

FEET

CUBIC CMs,
CUBIC METERS
CUBIC FEET
CUBIC FEET

GRAMS
KILOGRAMS
POUNDS
POUNDS
POUNDS
KILOGRAMS

POUNDS/INg
POUNDS /FT

GRAMS/CM3
GRAMS /CM3
POUNDS/FT3
KG/M3

BARS
PSl

PASCALS (NEWTON/M2)
PS;

DYNES/CM2
BAR - MSEC

METERS KG /3
CONVERSION FACTORS

MULTIPLY 8Y

30.48
0.3048
3.281

3,281 x 10~2

28320 )
2,832 x 10”
3.531 x 1079
35.31

453,59
0.4536
2,205 x 1073
2,205

2000
907,185

3.613 x 1072
62,43

7.68
1,602 x 1077
6.243 x 10”
16,02

6.895 x 1072
14504
6.897 x10

1.45x 1074
6.895 x 104
6,895 x 102

0 .39‘67
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amblent speed of sound (ahead of shock front) (ft/sec); at
0°C--1087 ft/sec _ ,

sound velocity at temperature t (©C), ft/sec
charge depth, feet (for underwater bursts)
charge depth, feet (for underground bursts)

maximum depth of apparent crater below preshot ground surface,
feet

burst height above terrain, feet
positive impulse, psi-msec

metal case weight of a cylindrical section of a cased
explosive, pounds

peak overpressure at the shock front

ambient pressure ahkead of the shock front; 14.7 psi at sea
level

initial peak overpressure

reflected overpressure

dynamic pressure, psi

horizontal range from ground zero, feet

radlus of apparent crater measured at preshot ground surface
feet

surface ground zero, point on surface vertically above or
below burst point

FIG, 1d DEFINITION OF SYMBOLS
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" height of triple point above terrain, feet

temperature, o¢c

time of arrival, msec

~ particle veloclty, ft/sec

shock velocity, ft/sec
chamber volume, cublic feet

volume of apparent crater below preshot ground surface, cubic
feet

welght of explosive, pounds

adjusted scaled ground range, £t/(1b TNT)Y/3

vertical distance to measurement‘point

angle between blast wave front and reflecting sufface
ratio of the specific heats of air |
Hopkinson scaled distance, ft/1b1/3

scaled charge depth, d/w1/3, 1‘.‘t;/lbl/3 (for underwater
bursts) :

scaled charge depth, D/Wl/3 (ft/lbl/3) (for underground

bursts)

. scaled horizontal distance, Ft/wl/3 (ft/lbl/3)

scaled vertical distance, Y/Wl/3 (ft/lb1/3)

scaled height of burst, H/WY/3 (rt/161/3)

scaled height of triple point, '1‘/Wl//3 (ft/1b1/3)
scaled apparent crater radilus, Ra/w5/16, ft/le/lé\
scaled apparent crater depth, Da/WS/ls, 1‘1:/1b5/16

FIG. 1d DEFINITION OF SYMBOLS (Continued)
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.8caled cube root of apparent crater volume, Val/3/W5/l6,
©rg/1p5/16 |

- density of air behind shock front

| density of air ahead of shock front
-  §dep51ty ratio across shock front

| ‘specific gravity of soil‘

‘positive duration, msec

FIG. 1d DEFINITION OF SYMBULS (Continued)
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CHAPTER 2
EQUIVALENT WEIGHT

The free air equivalent weight of a particular explosive is the
welght of a standard explosive, e.g., TNT, required to produce a seleo-
ted shock wave parameter of equal magnitude to that produced by a
unit welght of the explosive in question. A given explosive may have
several equivalent welghts, depending on the shock wave parameter
selected; 1.e., it may have an equivalent weight based on peak over-
pressure, positive impulse, time of arrival, or positive duration.

In general equivalent weights based either on time of arrival or posi-~
tive duration are not available and must be approximated. Equivalent
welght based on peak pressure can be used for the equivalent weight
for time of arrival, and equivalent welght based on positive impulse
can be used for that based on positive duration.

For vallid comparisons, the test and standard explosives should
have the same geometries, or consideration should be given to the
effect of geometry on the comparison being made.

Strictly speaking, the equivalent weight of an explosive for
any given blast parameter varies as a functlon of distance from the
charge, 1.e., the pressure-distance (or impulse-distance) curve for
explosive X 1s not necessarily parallel to that of TNT. For many
purposes, 1t 1s sufficient to cite a single equivalent weight number—
the linear average of equivalent welights over some range of pressure.
However, for other purposes it may be best to use the eguivalency
figure at the pressure ievel of concern. Both average numbers and
plots are included in Figures 2a through 23. Average values are
obtiined by calculating equlvalent welght values at selected pressures
throughout the data intervsl, and then taking a linear sverage. For
example, over a 5-100 psi interval, the equivalent weights would be
chosen av pressures of 5, 10, 15, psi, etc., and then averaged.

Problem Example 1

What welight of TNT is needed to produce the same over-pressure
as 5 pounds of H-6 at a fixed distance?

Selutlon

(a) Filgure 21 gives the equivalent welght for peak pressure of
H-6 as 1,38 relative to TNT cver the pressure range of
5-100 psi :

(b} 1 1b H-6 _ 1.38 1b TNT
5 1b H-6 X

17
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(¢) X = (5) (1.38 1b of TNT) = 6.90 1b of TNT
(d) 5 1b of H-6 = 6.90 1b of TNT

(e) To be more accurate, the p®essure levels at which the
comparisons are to be made would need to be specified
and the equivalent weights read from curve 2e. For
example, 1f the comparisons were to be made at 10 psi,
30 psi, and 80 psi, with 5 pounds of H-6:

at 10 psi, EW = 1.27
at 30 psi, EW = 1,305

at 80 psi, EW = 1.515

X0 ® (5)(1.27) = 6.35 1b of TNT

. x30 = (5)(1.305) = 6.525 1b of TNT
Xgo = (5)(1.515) = 7.575 1b of TNT

Problem Example 2

For a glven pressure level, how much would the shock radius
ch%nge if the explosive 1is changed from Tritonal to Composition
Culy?

Solution

(a) For equal pressures, the equivalent TNT scaled distances
should be the same

Reprm

x EW

(b) A

TRIT TRIT/TNT

Ro_y
Aenmso-4 T F % 173
( Wooy X E‘”’c-u/'rr;)

(¢) From Figure 21, the equivalent wcight of tritonal and
C-4 are 1.07 and 1.37 respectively:

PNT/TRIT (ﬂ )1/ 3

or 1.07 1b TNT = 1 1lb tritonal
and 1.37 1b TNT = 1 1b Composition C~4

18
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(@ A - Py
i
INT/TRIT (1,07 1b TNT) 173
. ] Ro-y
TNT/TRLT

(1.37 1b TNT) 173

t ‘ (e) ATnT/TRIT = Mpnt/c-U for equal pressures

(£)  Rogy 1/3
TRIT _ {1.07 1b TNT - 1/3
Roos (iT§7 Tb TNT (.78 +92
g"‘ (g) Ro_y = 1.09 Rppyp for a g.ven pressure level

Reference

2K Maserjian, J. and Fisher, £., "Determination of Average
B Equivalent Welght and Average Equivalent Volume and their Precision

Indexes for Comparison of Explosives in Air," NAVORD Report 2264,
2 November 1951 '
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(@) . Rorrm
TNT/TRIT (1,07 1b TvT) /3
\ ; Ro-y
INT/TRIT ~ (.37 15 1) 173
(e) A

TNT/TRIT - INT/C-U4 for equal pressures

(f) R
Ro_y  \I.37 Ip INT

- 1/3
TRIT _ {1.07 1lb TNT = (.78)Y/3 = g2

it

1.09 RTRIT for a gilven pressure level

Reference

Maserjian, J. and Fisher, E., "Determination of Average
Equivalent Welght and Average Equlvalent Volume and thelr Precision
Indexes for Comparison of Explosives in Air," NAVORD Report 2264,

2 November 1951
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IR IVESARN AN ALY, BN e S AN ST AN AR T
e Ly A

T~ T A S P SO Y T T
-3 .

1Rpx/TNT
CHMX/'TNT
3pETRYL/TNT

%E = egtimated

Eq. Weight Eq. Weight Pressure
Explosive Pressure <dlipilge Rapge
Composition A-3 1.09 l.Og 5=50
Composition B X 1.11 0.9 5-50
Composition C-4 ¥X 1.37 1.19 10-100
Cyclotol(T70/30) 1.14 1.09 5«50
HBX~3 X 1.1 0.97 5-25
H~6 x ll38 1015 5-100
Minol II 1.20 1.11 3-20
loctor J70/3912 1.06 EX
75/25
PETN 1,27 5-100
Pentolite X 1.42 1.00 5-100
1.34 1.14 5-600
Plceratol 0.90 0.93
Tetrytolrs/25) 3 1,06 E
_0;30
5
NETB 3 X 1.36 1.10 5«100
NT 1,00 1.00 STANDARD
TRITONAL X 1.07 0.96 5-100

X = 1indicates that equivalent weight vs pressure 1is included

in Figuresg 2a-2h. ,

FIG. 21 AVERAGED FREE AIR EQUIVALENT WEIGHTS
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EXPLOSIVE

ANFO
(94/6 Ammonium Nitrate/
Fuel 011)

PBX-9404
PBX-9010

N!troglycerin Dynamite
(50% Strength)

Ammonia Dynamite
(504 Strength)
Ammonia Dynamilte
(20% Strength)
Gelatin Dynamite
(50% Strength)
lGelatin Dynamite

(20% Strength)

EQUIV. WEIGHT
(Rel to TNT)

0.82

1.13
1.29

O-g

09
0.7
0.8
0.7

PRESSURE RANGE

(psi)

1-100

5-30
5-30

estimated

estimated
estimated
estimated

estimated

CAVEAT: This figure presents the best availlable information; however,
it 1includes surface burst data and estimates for the dyna-
mites. The equivalent welght of dynamite 1s a strong func-
tion of its "strength", i.e., 1its equivalent nitroglycerin

content.

FIG. 23 Average or Estimated Equivalent Welghts For

Several Explosives (Pressure Criterion)
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CHAPTER 3

SHOCK WAVE PARAMETERS FOR SPHERICAL TNT EXPLOSIONS IN AIR

The informatlon on Figures 3a through 3t represent a ocomposite
of avallable spherical, bare-charge, free-alr TNT data. The peak
pressure and time of arrival Information is good to + 10% while the
positive impulse and positive duration are good to + 20% for a given
distance.

Figures 3a through 3¢ present data scaled to a one«pound charge.
These are, thus, the figures which would be used to obtain scaled
information. ‘

The dotted portions of Figure 3a represent hydrodynamic computer
calculations, extending the curves into regions where there is little
avallable data; figure 3b presents calculations of the pressure-
distance curve to low pressures. igures 3¢ through 3t present
information, in tabulated form, on shock wave parameters for some
commonly used charge welghts. '

Problem Example 1 |

What 1s the peak pressure, time of arrival, positive duration
and positive impulse 20 feet from a 100-pound TNT charge detonated
in free air?

Solution 1

(a) From Chapter 1, Equation 4, A = RMWY/3 = 20 r£/(100 1b)/3
= 4,309 £t/15%/3

(b) Go to Figure 3a and read off the values of the scaled
A parameters at this scaled distance. \

P = 40 psi 1/3 for pressure o
TOA = 2.0 msec/1lb for scaled time-of-arrival
t = 1.6 ms',ec/lbl/3 for scaled duration

I = 11.8 psi-msec/lbl/3 for scaled positive impulse

30
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(c) From Equations 5 and 6 from Chapter 1, to obtain unscaled

data from Hopkinson-scaled data, multiply by w1/3, remem-
- bering that pressure is not scaled.

P = 40 psi
TOA = 2.0 msee/1b+3 x (100 16)Y3 = 93 msec
T = 1,6 m.'s.ec/lbl/3 X (100 lb)l/3 = 7.36 msec

I =11.8 psi-msec/lbl/3 X (100 lb)l/3 = 54,3 psi-msec

Solutlion 2 For more accurate values, for a 100-pound rharge, o0
to the Figure 2£ for this charge welght and simply read across
at the appropriate distance.
p = U0 psi
TOA = 9.511 msec
T = 7,38 msec
I = 54,77 psi-msec

For explosives other than TNT, determine their equivalent charge
welght by multiplying their charge weight by the appropriate equiva-
lent welght factor given in Chapter 2,

For amblent air at other than 20°C, the time of arrival 1s
corrected by multiplying by these factors.

Temperature (°C) Correction Factor

=40 1.12

- =30 1.10
=20 1.08

-10 1.06

0 1.04

10 1.02

20 1.00

30 0.98

4o 0.97

Problem Example 2

At a pressure level of 170 psil, what 1s the time of arrival,
positive duration, and positive impulse produced by the detonation
of 55 pounds of tritonal at an ambient temperature of -U40°C?

Solution

(a) From Figure 2h, the equivalent weight (based on peak
pressure) for tritonal is 1,32, and for positive impulse
1.29 at a pressure of 100 psi Hence, 55 1lb of Tritonal

_equals 726 1bs of TNT at the 100 psi level, and 55 1lbs of
Tritonal equals 71.0 lbs of TNT for impulse at the 100 psi
level. For TOA and 1, use the TNT equivalencies for
pressure and impulse respectively

v
!
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(b) From Figure 3¢, determine the scaled parameters of interest
for 1 1b of TNT at the 100 psi level. Thus, 100 psi occurs
at A = 2.89, and at this A, ‘

TOA = LU msec/lbl/3
A 1/3
T = . e a2e/1b 1/3
I = 14.2psi-msec/1lb

(¢} For TOA, for 72.%, bs of T§; (or 55 1lbs of Tritonal)
TOA = .%u 1p2/3 X 72.61/3 1bs
[72.61/3 = 4,2 from Fig. le],

Hence6 TOA = 94 X 4.2 = 3.95 msec, but this is for conditions
C . :

at 20

(d) For -409C, the TOA is increased by 1.12 (see chart above)
Hence, TOA = 3.95 X 1.12 = 4.42 msec

(e) For duration and impulse, 55 lbs of Tritonal = 71.0 1lb of
PNT. (71.01/3 = 4.1 from Fig. le)

Hence, © = .84 X 4.1 = 3.4 msec
and I = 14.2 X 4.1 = 58.2 psi-msec

References:

(1) Pisher, E. M., "Shperical Cast TNT Charges; Air Blast
Measurements on," Unpublished Data

(2) Pisher, E, M. and Pittman, J. F,, "Alr Blast Resulting from
the Detonation of Small TNT Charges," NAVORD Report 2890, 27 Jul 1953

(3) Lehto, D. L. and‘Larson, R. A., "Long Range Propagation of
Shperical Shockwaves from Explosions in Air," NOLTR 69-88, July l969

(4) Makino, B. C. and Goodman, H. J., "Alr Blast Data on Bare
Explosives of Different Shapes and Compositions," BRL memorandum
Report 1015, Jun 1956 ‘

(5) Matle, Calvin C., "The Contribution of Afterburning to the
Air Blast from Explosions," NAVORD Report 6234, 22 May 1959

(6) Peckham, P, J., personal communication

(7) Porzel, F. G., "Introduction to a Unified Theory of
Explosions," NOLTR 72-209, 1i4 Sep 1972, Unclassified
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(8) Potter, R. and Jarris, C. V., "An Experimental Study of the
%last Wave from a Spherical Charge of TNT," AWRE Report No. 0-46/55,
Nov 1955 , |

(9) Rudlin, L., "On the Origins of Shockwaves from Condensed
Explosions in Alr: Part 2; Measurement of Airshock Pressures from
8-1b TNT Spheres of Various Densities at Ambient Pressures,”

NOLTR 63-13, Oct 1963 .

(10) Welbull, Waloddi, "Explosion of Spherical Charges in Air:
Travel Time, Velocity of Front and Duration of Shock Wave,"
BRL Report No. X~127, Feb 1950

(11) Yakovlev, Y. S., "The Hydrodynamics of Explosions," Air
Force Systems Command Translation, FID-TT-63-381/1+2
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10000 [ CHARGE SURFACETEE

T
Ljiplin

1000}

500'_'

PRESSURE, P ||

200}

100 :.‘, [i alr.

TIME OF ARRIVAL (msec), POSITIVE DURATION (msec)

PEAK PRESSURE (PS!),  POSITIVE IMPULSE (psi-msec)

PEAK PRESSURE (psi), SCALED POSITIVE IMPULSE (psi-msec/1b'3)

SCALED TIME OF ARRIVAL (msec/1b"'3), SCALED POSITIVE DURATION (msec/1b"3)

0,05

10
SCALED DISTANCE (ft/1b"3)
DISTANCE (feet)

2 50 100

FIG. 3a SHOCK WAVE PARAMETERS FOR A ONE POUND SPHERICAL TNT EXPLOSION IN FREE AR
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t = 20°C
C = 1126 ft/sec
P R i TOA T I
(psi) (feetg (mseg)- (mse 0) (psi-msec)
800 1.018 .092
600 1.195 .139
500 1.316 174 .114 14.52
400 1.476 .228 .166 14,71
300 1.707 313 <263 14.89
250 1.868 .381 «340 14.94
200 2.084 .479 .438 14.93
150 2.393 .627 280 14.75
109 2.888 .939 . 845 14.18
80 3.189 1.14%6 1.01 13.72
60 3.606 1.464 1.28 13.02
50 3.885 1.700 1.40 12.54
40 4,308 2.049 1.59 11.80
30 4,937 2,596 1.58 10.74
25 5.343 2.978—1—— 1.55 16.10
20 5.884 3.500 1.50 9.32
15 6.698 4.293 1.52 8.28
z 8.144 5.698 1.73 6.82
8 9.141 6.652 1,88 6.05
6 10.71 8.136 2,12 5.12
5 11.92 9.264 2.27 4.59
4 13.68 10.89 2.4¢ 4.01
3 16.53 132.49 2.80 3.42
2.5 18.76 : 15.51 3.00
2.0 22.04 18.47 3.30
1.5 27.39 23.27 3.78
1.0 37.69 32,48 4.30
0.8 45,12 39.11 4.60
0.6 56.98 49,69 5.00
0.5 66.04 57.76
CAVEAT: 'The nuwber of significant figures shown in all tables are

derived from computer printouts; they do not signify the
accuracy of the data.

3c
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t 20°¢C
C 1126 ft/sec

TOA T I
(mseq) (mseg) (psi-msec)

.116
175
.219
287
394

T T LN Y 5 ik b o e L GBI E

.480
-+604
790
1.183
1l.444

1.845
2.142
2.582
3,271
3.752

4.410
o peR09 4
7,079
8.381
16.25

11.67
13.72
17.00
19.54
23.27

. s
o wm

29.32
40,92
49.28
62.61
T2.77

OCOoOHHH [ 3 R SV

t s s s @
oo

FIG., 34 TWO POUNDS TNT
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t = 20%
C = 1126 ft/sec
P R TOA T - T
(psi) - (feet) - (nigec) (risec) (pei-mged)
800 1.741 , .157
690 2.043 .238
500 2.250 .298 .195 24.83
400 2.524 .390 .284 25,15
300 2.919 .535 .450 25.46
250 3.194 652 .581 25,55
200 3.564 . 819 . 749 25,53
150 4.092 1.072 .992 25,22
100 4.938 1.606 1.44 24.25
| 80 5.453 1.960 1.73 23.46
60 6.166 2,503 2.19 22,26
40 7.367 3.504 2.72 20.18 g
30 . 8.442 4.439 2.70 18,37 ° "
25 9.136 5.092 2.65 17.27 48
20 10.06 5.985 2.56 15.94 R
15 11.45 7.341 2.60 14.16 L
8 15.63 11.37 3.21 10.35 L
6 18.31 13.91 3.63 8.76 §“97
L
; 5 20,38 15.84 3.88 7.85 s
@ 4 23.39 18,62 4.24 6.86 .
3 28.27 23.07 4.79 5.85 DR
2.5 32.08 26.52 5.13 L
2.0 1} 37.69 31.58 5.64 L
1.5 46. 84 39.79 6.46 o
1-0 64.45 55.54 7.35 “‘(
0.8 77.15 66.88 7.87 5
‘0.6 97.43 84.97 8.55 k.
0.5 112.9 98.77 . 3y
‘ )
FIG. 3¢ FIVE POUNDS TNT g
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NSWC/WOL/TR 75-116

20°¢c
1126 f£t/sec

TOA . T T
(riseq): - (mged) (psi-mgec)

.184
.278
.348
.456
6256

762
.958
1.254
1.878
2,292

2.928
3.400
4.098
5,192
5.956 .

7.00
8.59
11.40
13.30
16.27

18,53
21.78
26.98
31.02
36.94

46.54
64.96
78,22
99.38
115.5

oCcoOHH+- [(SESRUE _Re, o

FIG., 3f EIGHT POUNDS TNT
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NSWC/WOL/TR 75-~116

t = 20° :
C = 1126 ft/sec
P R TOA T T
(psi) (feat) (msec) (mse o) (psi-mgec)
800 2,193 .198
600 2.575 «299
500 2.835 «375 «246 31.28
400 3.180 «491 .358 31.69
300 3.678 «674 «567 32.08
250 4.024 . 821 .733 32.19
200 4,490 1.032 - . 944 32.17
150 5.156 1.351 1.25 31.78
100 6.222 2,023 1.82 30.55
80 6.870 2.409 2,18 29.56
60 7.769 3.154 2,76 28,05
50 8.370 3.663 3.02 27.02
30 10.64 5,593 3.40 23.14
25 11.51 6.416 3.34 21,76
20 12.68 7.541 3.23 20,08
15 14.43 9,249 3.27 17.84
10 17.55 12,28 3.73 14.69
8 19.69 14.33 4.05 13,03
6 23.07 17.53 - 4,57 11.03
5 25.68 19.96 4,89 9,89
4 29.47 23,46 5.34 8.64
3 35.61 29.06 6,03 7.37.
2.5 40.42 33.42 6.46
2.0 47.48 39.79 7.11
1.5 59,01 50.13 8.14
1.0 81.20 69,98 9,26
0.8 97.21 84.26 9,91
.6 122.8 107.1, 10,77
0.5 142.3 122.4

/

FIG. 3g TEN POUNDS TNT
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NSWC/WOL/TR 75-116
L = 20%
C = 1126 ft/sec
“TOA T T
(mgseo) ' (nmsec) (psi-mgeg)
.250
.27
472 .309 39,41
619 451 39.93
. 850 . 714 40.42
1,034 .923 40.55
1.300 1.19 40.53
3 1.702 1.57 40.04
. 100 7.839 2.549 2,29 38. 49
! 80 8,656 3,111 2.7 37.24
a8 60 9.788 3,974 3.47 35.34
) - 50 10.55 4,615 3,80 34.04
] 40 11.69 5,562 4.32 32.03
I 30 13.40 7.047 4.29 29,15
; 25 14.50 8.084 4.21 27.42
1 20 15.97 9.500 4,07 25.30
, 15 18.18 11.65 4.13 22.48
10 22.11 15.47 4.70 18.51
8 24.81 18.06 5.10 16.42
6 29.07 22.08 5.75 13.90
5 32.36 | 25.15 6.16 12.46
4 37.13 29.56 6.73 10.88
3 44.87 36.62 7.60 9.28
2.5 50.92 42.10 8.14
2.0 59,83 50.14 8.96
1.5 74.35 63.16 10.26
1.0 102.3 88.16 11.67
0.8 122.4 106.2 12.49
0.6 154.7 134.9 13.57
0.5 179.3 156.8

FIG. 3h TWENTY POUNDS TNT
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t = 20%
C = 1126 ft/sec

NSWC/WOL/TR 75=-116

P "R TOA T o R
(psi) (feet) (msec) (msec) ] (psi-msec)
800 3.054 «276
600 3.585 417 :

500 3.948 «522 «342 43.56
400 4.428 .684 .498 44,13
300 5.121 «939 « 789 44.67
250 5.604 1.143 1.02 44.82
200 6.252 1.437 1.31 44.79
150 7.179 1,881 1.74 44,25
100 8.664 2,817 2.53 42,54

80 9.567 3.438 3.03 41.16

50 11.66 5.100 4.20 37.62

40 12,92 6.147 4.77 35.40

30 14.81 7.788 4.74 32,22

25 16.03 8.934 - 4465 30.30

20 17.65 10.50 4.50 27.96

15 20.09 12.88 4.56 24,84

10 24.43 17.09 5.19 20.46

8 27.42 19.96 5.64 18,15
6 32.13 24.41 6.36 15.36
5 35.76 27.79 6.81 13,77
4 41.04 32,67 7.44 12,03
3 49.59 40.47 8.40 10.26
2.5 56.28 46.53 9,00

2.0 66.12 55.41 9.90

1.5 82.17 69.81 11.34

1.0 113.1 97.44 12,30

0.8 135.4 117.3 13.80

0.6 170.9 149.1 15.00

0.5 19e.1 173.3

T

FIG.

3i TWENTY-SEVEN POUNDS TNT




NSWC/WOL/TR 75-116

+ = 20°%
C = 1126 ft/sec
: —r X B (o Y T R
v (psi) (feet) (msec) (msec) _(psi-mgec) |
: ‘ 800 3.750 .339
{ 500 4.848 .641 .420 53.49
b 400 5.438 .840 .612 54,19
i 300 6.289 1,153 .969 54.86
250 6.882 1.404 1,25 55.04
& 200 7.678 1.765 1.61 55,00
;- 150 8.816 - 2,310 2.14 54,34
] 80 11,75 4.222 3.72 50,54
: 60 13.28 5.393 4,72 47.97
b 50 14.31 6.263 5.16 46.20
i 40 15,87 7.549 5.86 43,47
| 30 18.19 9.564 5.82 39,57
y 25 19.68 10.97 5.71 37.21
2 20 21.68 12.89 5.53 34.34
- 15 24.68 15.82 5.60 30.50
: 10 30,00 20,99 6.37 25.13
8 33.68 24,51 6.93 22.29
6 39.46 29.97 7.81 18.86
5 43.91 34,13 8.36 16.91
4 50.40 40.12 9.14 14,77
3 60.90 49,70 10,32 12,60
2.5 69.11 57.14 11.05
2.0 81.20 68.04 12.16
1.5 100.9 85.73 13,93
1.0 138.9 119.7 15.84
0.8 166.2 144.1 16,95
0.6 209.9 183.1 18,42
0.5 243.3 212, 8
FIG. 3j FIFTY POUNDS TNT




NSWC/WOL/TR 75-116

+ = 200C
C = 1126 ft/sec

P R TOA T —T
Apsi) (feet) (msec) (msec) (psi-mgec)
800 4.072 «368
600 4.780 «556
500 5.264 «696 456 58.08
400 5.904 «912 664 58, 84
300 6.828 1.252 1.05 59.56
250 T.472 1,524 1,36 59.76
200 8.336 1.916 1,75 59.72
150 9,572 2.508 2.32 59.00
100 11.55 3.756 3.38 ° 56.72
80 12.76 4.584 4.04 54.88
60 14.42 5.856 5.12 .. 52.08
50 15.54 6.800 5.60 * 50.16
30 19.75 10,38 6.32 42.96
25 21.37 11.91 6.20 40. 40
20 23,54 14.00 6.00 37.28
15 26.79 17.17 6,08 33.12
10 32.58 22.79 6.92 27.28
8 36.56 26.61 7.52 24,20
6 42.84 32.54 8.48 20.48
5 47.68 37.06 9,08 18.36
4 54.72 43.56 9,92 16.04
3 66.12 53.96 11.20 13.68
2.5 75.04 62.04 12.00
2.0 88.16 73.88 13.20
1.5 109.6 93.08 15,12
1.0 150.8 129.9 17.20
0.8 180.5 156.4 18,40
0.6 227.9 198.8 20.00
0.5 264.2 231.0
FIG. 3k SIXTY~FOUR POUNDS TNT

44




T e

NSWC/WOL/TR 75-116

t = 2000
. C = 1126 ft/sec

g [T G TR T T
X . _(psi) (feet) (msec) }  (msec) {psi-nisec)
i\ ] N v
131 S K 800 4,725 427
Q‘ I | . 600 5.547 .645 -
! . 500 6.108 .808 .529 67.40
DA 3G 7.923 1.453 1.22 69.11
2350 8.670Q ‘ 1.768 1.58 ' 69.35 ) -
200 9,673 2.223 2,03 69.30 L
150 11,11 2.910 . 2.69 . 68. 46
80 14.80 i . 5.319 4.69 63.68 :
. | . »
60 | 16.74 . 164795 5.94 . 6(.43 | &
) 2v.00 . 9,511 7.38 54.77
22,92 - 12,05 7.33 49.85
~ 24.80 . 13.82 7.19 46.88
. 31.09 19.93 7.06 38.43
8 ' 42.43 30.88 8.73 28.08
6 45.71 37.76 9.84 . 23.76
5 55,33 43,00 .. 10.54 21.30
4 63.50 50.55 11.51 18.61
3 76.73 62.62 13,00 15.87
2.5 87.03 71.99 13.92
2.0 102.3 85.73 15.32
1.5 127.1 108.0 . - 17.55
1.0 174.9 150.8 19,96
0.8 209.4 181.5 21,35
0.6 264.5 230.6 L 23.21
6.5 306.5 268.1 - T

FIG. 31 ONE HUNDRED POUNDS TNT
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N NSWC/WOL/TR 75-116
t = 200C
C = 1126 ft/sec
P R ~ TOR T b

" . (pai) (feet) ___(msec) (mgec) -_(psi-msec)
gf | 800 5.090 <460
. 500 6.580 | .870 .570 72,60
i 300 8.535 1.565 1.32 ' 74.45
3 250 9.340 . 1.905 1.70 7¢.70
o 200 10.42 2,395 2.19 74.65
v 150 11.96 3.135 2.90 , 73.75
M 100 14.44 4.695 4,22 70.90
) 80 15.94 5.730 5.05 68.60
ﬁ ‘ 60 18.03 7.320 6.40 65.10
) 50 19.42 8.500 7.00 62.70
; ‘ 40 21.54 10.24 7.95 59.00
il 30 24,68 12.98 7.90 53,70
f 25 26.72 14,89 7.75 50. 50
0 20 29.42 17.50 7.50 46.60
o 15 33.49 21.46 7.60 41.40
£ 10 40.72 28.49 8,65 . 34,10
b 8 45,70 33.26 9,40 30.25
“ 6 53,55 40,68 10.60 25.60
: 5 59.60 46.32 11,35 22.95
A 4 68.40 54,45 12.40 20.05

3 82.65 67.45 14.00 17.10

2.5 93,80 77.55 15.00

2.0 110.2 92,35 16.50

1.5 137.0 116.4 18.90

1.0 188.4 162.4 21,50

.8 225,6 195.6 23.00

0.6 284.9 248.4 25.00

0.5 330.2 288.8

FIG. 3m ONE HUNDRED TWENTY FLVE POUNDS TNT
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NSWC/WOL/TR 75-116

t = 20°C
C = 1126 ft/sec
R - TOR T i
(psi) (feet) (msec) (msec) (psi-msec)
- 800 5.953 .538
3 600 6.988 .813
o 500 7.696 1.018 .667 84.91
L 400 8.632 1.333 .971 86.02
| 300 9.983 1.830 1.54 87.08
i 250 10.92 2.228 1.99 87.37
- 200 12.19 2.801 2.56 87.31
g 150 13.99 3.667 3.39 86.26
- 100 16. 89 5,491 4.94 82.93 A
3 i 80 18.65 6.702 5,91 80.24' N
l ' 60 21,09 8.562 7.49 76.14
\ I 50 22.72 9.942 8.19 73.33
- 40 25,19 11.98 9.30 69.01
- 30 28.87 15.18 9.24 62.81
- 25 31.25 17.42 9.06 59.07
;.
g 20 34,41 20.47 8.77 54,50
15 39,17 25,11 8.89 48,42
10 47.63 33,32 10,12 39,88
8 53. 46 38.90 10.99 35,38
6 62.63 47.58 12,40 29.94
f 5 69.71 54,18 13,28 26.84
| 4 80.00 63.69 14.50 23.45
3 96.67 78.89 16.37 20,00
2.5 109.7 90.70 17.54
2.0 128.9 108.0 19.30
1.5 160.2 136.1 22,11
1.0 220. 4 189.9 25.15
0.8 263.9 228.7 26.90
0.6 333,2 290.6 29.24
| 0.5 386.2 337.8 |

FIG., 3n TWO HUNDRED POUND3 TNT
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NSWC/WOL/TR 75-116
t = 20°%
T = 1126 ft/sec
P R “TOA T T
(psi) (feet) (mse'c) (msec) (psi-msec)
800 6.108 .552
600 7.170 .834
500 7.896 1,044 . .684 87.12
400 8.856 : 1.368 .996 88.26
300 10.24 1.878 1.58 89.34
250 11.21 2.286 2.04 89.64
200 12.50 2.874 2,63 89.58
150 14.36 3.762 3.48 88.50
100 17.33 5.634 5.07 85,08
80 19.13 6.876 ‘ 6.06 82.32
60 21.64 8.784 7.68 78.12
50 23.31 10.20 8.40 75.24
40 25.85 12,29 9.54 70.80
30 29.62 . 15,58 9.48 64.44
25 32.06 17.87 9.30 60.60
20 35.30 21.00 9.00 55,92
15 40.19 25.76 9,12 49.68
10 48,86 34,19 10.38 40.92
8 54,85 39,91 1i.28 36.30
6 64.26 48, 82 12.72 30.72
5 71.52 55.58 13.62 27.54
4 82.08 65.34 14.88 24,06
3 99,18 80.94 16.80 20.52
2.5 112.6 93.06 18.00 :
2.0 132.2 110.8 19,80
1.5 164.3 139.6 22.68
1.0 226.1 194.9 25,80
0.8 270.7 234.7 27.60
0.6 341.9 298,1 30.00
0.5 396.2 346.6
FIG. 30 TWO HUNDRED SIXTEEN POUNDS TNT
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NSWC/WOL/TR 75-116 E

t = 20° E

C = 1126 ft/sec X

B B “TOA T T
(psi) {feet) ‘ (misec)- (msec) (psi-msec) g
800 7.126 . 644 -
600 8.365 973 A
500 9.212 1.218 .798 101.6 '
400 10.33 1.596 1.16 103.0 2
300 11.95 2.191 1.84 104.2 k.
250 13.08 2.667 2.38 104.6 |
200 14.59 - 3.353 3.07 104.5 -
100 20,22 6.573 5.92 99.26 Y
80 22.32 . 80022 7.07 96-04 : ‘-'
60 25.24 10.25 8.96 91.14 i
50 27.20 11.90 9.80 87.78 4
40 30.16 14.34 11,13 82.60 |
30 34,56 18.17 11.06 75.18 3
25 37.40 20.85 . 10.85 70.70 .
20 41.19 24.50 10.50 65.24 b
10 57.01 39.89 12.11 47.74 b
8 63.99 46.56 13.16 42.35 "

6 74097 56.95 14.84 35. 84 ":Y

5 83.44 64.85 15.89 32,13 3

4 95.76 76.23 17.36 28.07 4

3 115.7 94.43 19.60 23.94 3
2.5 131.3 108.6 21,00 oy
2.0 154.3 129.3 23.10 Al
4

1.5 191.7 162.9 26.46 L
1.0 263.8 227.4 30.10 "
0.8 315.8 273.8 32.20 i
0.6 398.9 347.8 35.00 1
0.5 462.3 404.3 1

R L e e b b s g I T e e gl T 8 Y e et s ke
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FIG. 3p THREE HUNDRED FORTY THREE POUNDS TNT
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NSWC/WOL/TR 75-116

t = 20°%
C = 1126 ft/sec
P R "TOA T I
(psi) (feet) (msec) (msec) (psi-msec)
800 8.080 . 730
600 9.485 1.103
500 10.45 1.381 . 905 115,2
400 11.72 1.810 1.32 116.8
300 13.55 2.484 2.09 118.2
250 14.83 3.024 2.07 118.5
200 16.54 3.802 3.48 118.5
150 18.99 4.977 4.60 117.1
100 22.92 7.453 6.71 112.6
80 25.31 5.096 8.02 108.9
60 28.62 11.62 10.16 103.3
50 30.84 13.49 11.11 99,53
40 34.19 16.26 12.62 93.66
30 39.18 20.690 12.54 85,24
25 42.41 23.64 12.30 80.16
20 46.70 27.78 11.91 73,97
15 53.16 34.07 12.06 65.72
10 64.64 45.23 13.73 4,13
8 72.55 52.80 14.92 48.02
6 85.01 64.58 16.83 40.64
5 94.61 73.53 18.02 36.43
4 108.6 86.43 19.63 31.83
3 131.2 107.1 22.22 27.14
2.5 148.9 123.1 23.81
2.0 174.9 l46.6 2€.19
1.5 217.4 1v4.7 30.00
1.0 299.,1 257.8 34.13
0.8 358.1 310.4 36.51
0.6 452.3 367.4 39.69
0.5 524.2 458.4
FIG. 3g FIVE HUNDRED POUNDS TNT




NSWC/WOL/TR 75-116

+ = 20°C
C = 1126 ft/sec
P R TOA T T
(psi) {feet) {(msec) {mseq) (psi-nisec)
800 8.144 . 736
600 9.560 1.112 :
500 10.53 1.392 .912 116,2
400 11.81 ©1.824 1.32 117.7
300 13.66 2.504 2.10 119.,1
250 14.94 3.048 2.72 119.5
200 16.67 3.832 3.50 119.4
150 19,14 5,016 4.64 118.0
100 23.10 7.512 6.76 133.4
80 25,51 9.168 8.08 109.7
60 28.85 11.71 10.24 104.2
50 31.08 13.60 11,20 100.3
40 34.46 16.39 12.72 94,40
30 39.50 20.77 12.64 85.92
25 42.74 23.82 12.40 80.80
20 47.07 28.00 12.00 74,56
15 53.58 34.34 12.16 66.2¢4
10 65.15 45.58 i3.84 54.56
8 73.13 53.22 15.04 48,40
6 85.68 65.09 16.926 40.96
5 95.36 74.11 18.16 36.72
4 109.4 87.12 19.84 32.08
3 132.2 167.9 22.40 27.36
2.5 150.1 124.1 24,00
2.0 176.3 147.8 26.40
1.5 219.1 186.2 30.24
1.0 301.5 259.8 34.40
0.8 361.0 312.9 36.80
0.6 455,8 397.5 40.00
0.5 528.3 462.1
FIG. 3r FIVE HUNDRED TWELVE POUNDS TNT
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NSWC/WOL/TR 75-116

} t = 20°%
| C = 1126 ft/sec
: A P R TOA T I
E (psi) (feet) (msec) (msec) (psi~msec)
S i
v g 800 9.162 .828
3 : 600 10.76 1,251
" | 500 11. 84 1.566 1.03 130.7
i | 400 13.28 2.052 1.49 132.4
i | 300 15.36 2.817 2.37 134.0
d ; 250 16. 81 3.429 3.06 134.5
i I 150 21.54 5.643 5.22 132,8
v, » 100 25.99 8.451 7.61 127.6
" f 80 28.70 10.31 9.09 123.5
| :
? 60 32.45 13.18 11.52 117.2
{ 50 34,97 15.30 '12.60 112.9
; 40 38,77 18.44 14,31 106.2
: 30 44,43 23.36 14,22 96.66
25 48.09 26.80 13.95 .90.90
20 52,96 31.50 13,50 83.88
15 60.28 38.64 13,68 74.52
10 73.30 51.28 15,57 61,38
8 82.27 59.87 16.92 54,45
' 96.39 73.22 19.08 46.08
5 107.3 83.88 20.43 41,31
4 123.1 98.01 22,32 36.09
3 148.8 121.4 25.20 30.78
2.5 168,38 139.6 27.00
2.0 198.4 166.2 29.70
1.5 246.5 209.4 34,02
1.0 339.2 292.3 38,70
0.8 406.1 352.0 41,40
: 0.6 512,8 447.2 45.00
, 0.5 594.4 519.8
FIG. 3s SEVEN HUNDRED TWENTY NINE POUNDS TNT
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NSWC/WOL/TR 75-116
t = 20°
C = 1126 ft/sec .
R _ TOA T I
(feet) (ngec) | (msec) ‘ (psi-msec)
10,18 .915
11.95 1.391
13.16 1.740 1.14 145.2
14.76 2,275 l.66 147.1 i
17.07 3.128 2.63 148.9
18.68 3.807 3.40 149.4
20.84 4,794 4.38 149.3
23,93 6.270 5.80 147.5
28.88 9.392 8.45 141.8
31.89 11.46 10.1 137.2
36.06 14.64 12.80 130.2
38.85 17.00 14.00 125.4
43.08 20.49 15.9 118.0
49,37 25,96 15.8 107.4
53.43 29,78 15,5 101l.0
58.84 35.00 15.0 93,2
66.98 42,93 15.2 §2.8
8l.44 56.98 17.3 68,2
91.41 66.52 18.8 60.5
107.1 81.36 - 21.2 51.2
119.2 92.64 22.7 : 45.9
136.8 108.9 24.8 40.1
165.3 134.9 28.0 34,2
187.6 155.1 30.0
273.9 232.7 37.8
376.9 324.8 43.0
451.2 391.1 46.0
569.8 496.9 50.0
660. 4 577.6 _
.
FIG. 3t ONE THOUSAND POUNDS TNT
53




NSWC/WOL/TR 75-116

| CHAPTER 4 |
TRIPLE POINT LOCI FOR A TNT CHAEGE AT SEA LEVEL

This chapter, in Figures.db and 4c, describes the locus of the,.."’

triple point as a function of scaled charge height ‘and scaled
horizontal distance.

o _ . .

The triple point represents the location at which the incidernt
wave, reflected wave, and Mach fronts meet. As the reflected v
continues to overtake the incident wave, the triple point rises -.4
the height of the Mach Stem increases (see Figure 4a). At pcints
above the triple point path, two pressure increases will be
experienced at a measuring point. The first is due to the incident
blast wave, and the second, arriving a short time later, to the
reflected wave.

Problem Example 1

What is the height of the triple point at a distance of 24 feet
from a 216~pound TN1 charge detonated € feet above the ground?

Solution

(a) A = 6/(216)1/3 = 1 £t/1p1/3

(b) Ay = 24/(216)1/3 = 4 ft/1p1/3

(c) Entering either Figure 4b or 4c with these values, read a
M = 1.75 £ft/1bl/3

(d) Height of triple point = Ap x WY/3 = 1,75 x (216)2/3 =
10.50 £t
/

Raference:

(1) Groves, T. K., "A Photo-Optical System of Recording Shock
Profiles from Chemical Explosions (U)," Suffield Technical Paper
No. 192, 14 Apr 1960
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TRIPLE POINT

"’
7 MACH STEM

INCIDENT WAVE

oo \ePATH OF
-~ TRIPLE POINT

-

SN

A\ N\

A\

A\

| ’[r
. \
AN \A A\

i A

e R

R TR T
ik A el

RO AR

R e i
Chygmt L

X

Ny 5 SCALED HORIZONTAL DISTANCE TO TRIPLE POINT
(F1/0LBs TNT)V/3)

Ay = SCALED CHARGE HEIGHT (FT/(LBS TNT) /%)
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CHAPTER 5
HEIGIT-OF-BURST CURVES--PEAK OVERPRESSURE

The curves in Figures 5a~5c give the peak overpressure along
the ground surface as a function of the height~of-burst (HOB) and
the horizontal range from ground zero for a scaled, one-pound TNT
charge in a sea level atmosphere (14.7 psi). These curves are based
on the data from NCLTR 65-218 and private communications from BRL
(Ballistics Research Laboratory). The dotted curves are the
original curves published in NOLTR 65-218, which were applicable to
charge sizes up to 250 pounds. More recent information indicates
that the solid curves (based on thousand pound data and larger) are
better representations of all the data. This difference is still
being investigated. For general application, the solid curves are
the ones preferred.

These curves are accurate to no better than +10% in ground
range for a given height of burst.

These curves may be scaled to other yields by the cube root
scaling equations, presented in Chapter 1.

Ag = R (££)/W (1o mvm 173

Ay = B (E0) A0 (1b mm /3

where:

>

is the scaled horizontal range from ground zero

>

is the scaled burst height from ground zero

is the horizontal range from ground zero

T ™

is the burst height from ground zero
W is the yield of interest

For explosives other than TNT, first determine their TNT equivalence
from Chapter 2, then use the above equations.
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For pressure other than those givan in tha figures, a linear
interpolation should ba unad. ' _

"’“‘~:i?roblem Examplel - '.. ‘

,"Por a 2 pai pressure lcvel, what is the required around rangeﬁ' :'f," }
i .. from a one-pound TNT charge datonatod at a height~of~burst of ‘
o 25 feet? L N , , , R o

s°1ution BT

(a) Faor a A = 25 ft/(1ib TNT)1(3, go to Figure Sc i:i f
(b) Read from the 2 psi‘curve, for A - 25, : |

B .AxA= 30 £/ Tum)1/3 |
upf ey As stated above, accuracy is + 10% in ground range. Thus*' ,i' f
E : | -
:

¥

answer ig 30 ft x 3 £t

Problem Examgle 2

' For an 8.14-1b Pentolite charge fired at altitude of 20 ft,

b ' find the horizontal range from ground zero for the 10 psi paak
b‘ cverpressure level,

E Solution
? , : ~ (a) From. Figure 2f one pound of Pentolite is egquivalent to '
%;' 1.43 1b of TNT at 10 psi. ‘Thus 8.14 1lb of Pentolite is
Vl‘ . equivalent to 11.64 1lb of TNT. , _ Nt
g | (b) Ay = B/WH/3 S . N
E Ay = 20/(11.64) 173

Ay = 8.8 £6/(1b ™ /3

(e) Go to Figure 5b. For a Ay = &,8 ft/(lb TNT) 1/3, and a
Co presnure of 10 psi, read Ay = 10.3 ft/(1b -m'r) 1/3

() Ay = n/w1/3 | - | - |
Ro= oy X wt/3 = 10.3 6700 ™y Y/ x 2,27 (1b ™vpy /3
R=23.4 ft + 2.3 ft o | A

e

59 . 0




NSWC/WOL/TR76-116

9 LT T T me
! NOTE: I3 i
THE DOTTED CURVE REPRESENTS 1
THE NOL SMALL CHARGE HOB. 11
. CURVES. PRESENVED IN NOLTR. -
8 65-218. THE SOLID CURVES 1
Wl REPRESENT THE BEST AVAILABLE i1
N CURRENT DATA AND APPEARTO -
S APPLY TO ALL.CHARGEISIZES 1
AFFLY ! pus
o 1
¢ 7 - -
- - r‘-m
130 pSI
< e at ] S RyaeLaan
& ' 1 o I S
3 CTE 50 PSI |- NG N E3RRake
i ENNENE ) NG - 1
[--] +‘ |
< ue Tl
£’ . 1
o - 1 1 N
& T y np
& L 44 1L 4L
S 4 B D = 150 P$I e SR B A W
..:E ] TN 000 0 0 O O 1134 3
U S | URNERRRRRRNN
= T T N i S\ 1T
R : 1 O . IR
< - - ST o
3 1 1 Ry AR
% 41 ) S
£ 117 ‘“_____,. 1] 11 .m',._.
2 [ L +- 7 4 -
\ N ] [ ] (B
B [}
\
e - 1
] L
nii T
I - | o
.. : : ] Tn S LN LT 2 J11 s NN AN
S0 o O B - Ry - O S
e 4 L s i
0 1 2 3 4 5 6 7
Ay, SCALED HORIZONTAL RANGE ALONG SLRFACE (FT/(LeS TNT) V/3)
g
FIG. 5a HEIGHT OF BURST CURVES FOR PEAK OVERPRESSURE ON THE GROUND

it S S S e e




Ay, SCALED HEIGHT OF BURST (F1/0LBs TND) V/2)

Sedeg (L S
Al i

NSWCAYOL/TR75-116

ENNN
AENREEE
NOTE: .
THE DOTTED CURVE REPRESENTS ]
THE NOL SMALL CHARGE HOB [
14 ' CURVES PRESENTED IN NOLTR
65-218, THE SOLID CURVES o
REPRESENT THE BEST AVAILABLE [
= CURRENT DATA AND APPEAR TQO [
um APPLY TO ALL}CHARGE-SIZES -
12 i
i
10 PSI A L
| =
- w. L
104 - 3
3
N ™ ll
20 ps| 1N
8 ,
T - RERDW ] NN
l_}_.,.. tod M - -] q 1417 g L]l
é -] - ] J
i RaEE fESRERERan ERint
sl..g\. AN 'l‘ - : 1
\ TI0N T4
4 100 S|
\ {4
- / AT 17
3l
N 7|
2 T ! 2
Vi
Iy ,‘ -
e r 1} Vi i
. A P | 1
0 = o 1
0 2 4 é 8 10 12 14

A, SCALED HORIZONTAL RANGE ALONG SURFACE (F/(Les TNT) /3

FIG. 5b HEIGHT OF BURST CURVES FOR MEAK OVERPRESSURE ON THE GROUND

61

e gt ‘\‘&L\.ﬁ%\!ﬁbﬁu !




ONNOY¥O IHL NG RNSSTINIAO ¥v3d 04 SIAYND IS¥NE 4O IHOIIH 2§ "Dl
{ &/t {IN1 S87)/14) 3DV4ENS SNOTY IONVY TVINOZINOH aI1v3s Ay
oL 09 oS oy 0e (174 ol 0
: r - 3 i i
y
.
&V, Py
” 14
> R O—
’ ]
>
5 x
: N Isd9rit] A
: 0z >
L ! . us w
- t Sd ¥
£ =
= ©
5 N 9
Q
£ gire % 9
[&] ! I -
W 1S4 Z o
N B o]
~ . . N T3 IQ»..
h ; u 8 M
=
[ w
H 3 ..“_,
11 4 F
ISd 1 ] : =3, ﬁ_
= : _" “ | m Qm W_
1 4 [ iy =
InEE i : : : _
S3IZIS (IDYYHITIY OL AddY OL : : T :
¥YIddV CiNY VIVC INFNIND ARBR] 3
. JWVUYAY 1538 IHL INI5INITY o T~ nk 09
SIAUND AIT1OS IHL °8IZ-59 TN T T
BTON NI GILNISTYd SAUAD H A4
e T SOH JOYVHD TIVWS TON JHL i RSN,
- SIN353¥d3¥ IAUND 031100 3HL T OTT N : 1T :
AR aon £ 1 ! HETH,,




e RTINS TN I
~ < catarph 8 amtee ke e

IS AP

NSWC/WOL/TR 75-116

CHAPTER 6
HEIGHT~OF-BURST CURVES-~TIME OF ARRIVAL

Flgure 6 gives the shock wave time of arrival along the
ground surface as a function of the height-of-burst (HOB) and the
horizontal range from ground zero for a scaled, one~pound TNT charge
in a sea level atmosphere (14.7) psi). These curves are based on
data contained in a private communication from BRL.

These curves are accurate to * 10% in ground ranges for a glven
height-of-burst.

These curves may be scaled to other ylelds by the cube-root
scaling equations presented in Chapter 1, and repeated here:

H R (w)HY3  moa
P - D 1735 =~ TOA

where H, R, and TOA are the height-of-burst, ground range, and

time of arrival for 1 pound of TNT and Hl,.Rl, and TOAl are the
corresponding quantitiles for charge welght W, (pounds).

From Chapter 5:

A = B (£)/W (1 TNT) /3
1/5

Ay = H (££)/W (1b TNT)

For explosives other than TNT, first determine thelr TNT _,
equivalence using Chapter 2, then use the above equations.

Problem Example 1

For é one-pound TNT charge detonated at a helght-of-burst of
5 feet, what 1s the horizontal ground range for a shock time of
arrival of 2 msec?

Solution
(a) For a A = 5 £t/(1b TNT)1/3, and a TOA of 2 msec, go to
Figure 6
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(b) From the 2 msec curve, for lH = 5 £t/(1b TNT)1/3, read
AX = 3,0 feet
(¢) As stated above, the accuracy is i 10% in ground range

~(d) R = 3.0 feet ¥ 0.3 ft

Problem Example 2

For a 187-pound tritonal charge fired at an altitude of 20 feet,
find the horizontal ground range for a time of arrival of 35.1
msec.

Solution
(a) From Figure 21 of Chapter 2, the average equivalent weight
for tritonal is 0.96 for time of arrival. Then 208

pounds of tritonal are equivalent to 200 pounds of TNT
(W, = 200 1b TNT)

() Wy 13 = 5.85 (10 1yr)2/3

() ry = H/W, Y3 = 20/5.85

(d) Ay = 3.42 £e/(1b TNT) /T
(e) TOA = T0A,/W;Y/3 = 35.1/5.85 = 6 msec/(1p TyT)L/3

(f) For a time of ar 1ival of 6 msec/(1lb TNT)1/3, go to
Figure 6, Ffur a Ay = 3.42, and a TOA of 6, read

Ay = 11.4 £t/(1 TNT)1/3

- 1/3 _ 1/3
(g) Ay = Ry/W, » or Ry = 2, X W,

11.4 ££(1b TNT)3 % 5.85 (1p TNT)L/3

—~
fny
S
jos
[}

o y]
H

66.7 feet

(1) accuracy is ¢ 10% in range

n R, = 66.7 feet ¢ 6.7 feet

64




e tlalail

)

'

el el VN NN

Ve ey v

I

e

)

b RN i

NSWC/WOL/TR76-116

(

g/l

ANNO¥D IH1 NO TVAINEY 4O IWIL Y04 SIAIND 1S3¥NG 4O LHOIFH 9 "Old

(LN1 S5} /14) 3DV4ENS SNOTV IONVY TVINOZINOH a31vos Xy

a
]

e

e sl

AL

el -
.

E

-t -

J-.:[_J_

IV I

43

0N A D A U OO A

the i
R ! i
i R
i

™N
IHY

65

( &/l (LNL S87)/14) 153ng 40 LHOIFH A31VDS




NSWC/WOL/TR 75-116

CHAPTER 7

HEIGHT~OF-BURST CURVES-~POSITIVE DURATION

Figure 7 gives the shock wave posltive duratlon along
the grourd surface as a function of the height-of-burst (HOB) and
tite horizontal range from ground zero for a scaled on-pound TNT
charge in a sea level atmosphere (14.7 psi). These curves are based
on data contained in a private communication from BRL.

These curves ale accurate to ¢ 15% in ground range for a glven
height-of-burst.

These curves may be scaled to other ylelds by the cube-root
scallng equaticns presented in Chapter 1, and repeated here:

H R (W )1/3

[

~

where H, R, and 1 are the neight-of-burst, ground range, and

positive duration for 1 pound of TNT and H , Rl’ and T, are the
are the co-responding quantities for charge welght Wi (pounds).

Remembering also that:

A

x = R (££)/W (1b )3

A H (ft)/W (1b ".[‘N'I‘)l/3

H

[

For explosives other than TNT, first determine their TNT k"
equivalence using Chapter 2 , then use the above equations. i

Problem Example 1

For a one-pound TNT charge detonated at a height-of-burst of
5 feet, what 1s the horizontal range for a shock duration of
1.5 msec

Solutiqg

1/3

(a) For a A, = 5 f£t/(1b TNT) and a T of 1.5 msec, use

H
Flgure 7
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(b) From the 1.5 msec curve, for A, =5 ft/(1lb TNT)1/3,
read Ay = 2.6 feet

(¢) Accuracy is ¢ 15% in ground range
+ R = 2.6 feet ¢+ .4 feet

Problem Example 2

For a 208-pound tritonal charge fired’'at an altitude of 20 feet,
find the horizontal ground range for a duration of 11.7 msec.

Solution
(a) From PFigure 21 of Chapter 2, the average equivalent weight

for tritonal 1s 0.96 for duration. Then 208 pounds of tri-
tonal are equivalent to 200 pounds of TNT (ﬂl= 200 1b TNT)

/3 2 5.85 (10 mmyt/3

(b) Wy
() ay = H/W Y3 = 20/5.85

() A = 3.42 £t/(1p TNT)L/3

(e) 1, = Tl/W11/3 = 11.7/5.85 = -2 msec/(1b TNT)L/3

For t = 2 msec/(lb TNT)l/j, use Flgure 7
For t, = 3.42 ft, and T = 2 msec, Read

Ay = 7 ££/(1b Ty L/3

R, = Ay X w11/3 = 7 rt/(1p TNTYY/3 x 5.85 (1p TNT)L/3
R, = 41.0 1t

Accuracy 1s ¢ 15% in ground range
» Ry = 41.0 feet t 6.1 feet
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CHAPTER 8
HEIGHT-OF-BURST CURVES--POSITIVE IMPULSE

Figure 8 gives the shock wave positive impulse along the
ground surface as a functlon of the height-of-burst (HOB) and the
horizontal range from ground zero for a scaled one~pound TNT charge
in a sea level atmosphere (14.7 psl). These curves are based on
data contalned in a private communication from BRL. '

Thse curves are accurate to * 15% in ground range for a glven
height-of-burst.

?“ 4 These curves may be scaled to other ylelds by the cube<root
0l scaling equations presented in Chapter 1, and repeated here:

ij “- BOOR <w131;3 5

where H, R, and I are the helght-of-burst, ground range, and
positive impulse for one pound of TNT and Hi, Rl’ and Il are the
corresponding quantitles for charge welght Wi

Remembering also that

Ay = R (££)/W (1b oNT) /3

L]

Ag = H (£6)/W (1b nT)1/3

For explosives other than TNT, first determine their TNT
equivalence using Chapter 2, then use the above equations.

Problem Example 1

For'a one-pocund TNT charge detonated at a helght-of-burst of
5 feet, what 1: the horizontal range for a positive impulse of
10 psi-msec?

Solution

!

(a) For Ay =5 ft/(1b TNT)1/3, and I = 10 psi-msec, use /
Figure 8 d

69




(b)

(e)
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From the 10 psi—msec curve; for AH =.5,‘feed'

S Ag =100l feet = fﬁzniﬁ“'é

Accuracy 1s # 15% in ground range

~R = 10,1 feet t 1.5 feet

Problem Examcle 2

feet

(a)

(b)
(e)

(d) A
(e)
(f)

(g)

(h)

of 15

For a 208-pound tritonal charge fired at an altitude of 20

find the horiaontal ground range for a positive, impulse

6.3 psi-msec.

F.Solution '

From Flgure 21 of Chapter 2, the average eguivalent weight
for tritonal is 0.96 for impulse Then 208 pounds of
trigonal are equivalent to 200 pounds of TNT (M&— 200 lb
TNT .

w11/3 = 5.85 (1b TNT)1/3‘

Ay = H/W /3 & 20/5.85

= 3.42 £t/(1b TNT)/3
I = Il/W 1/3 = 1,46.3/5.85 = 25 psi-msec/(lb ’I‘NT)]'/3

For I = psi-msec/(1lb 'I‘NT)l/3 use Figure 8

For Ay = 3.42 ££/(1b oN7)1/3 and I = 25 psi msec/(1b TNT)/3,
Read Ay = 3.3 ££/(1b TNT)1/3

By = Ag X W3 = 3.3 o700 VD) Y3 x 5,85 (2 TNy /3
Rl s 19,3 feet

Xw

Accuracy 1s ¢ 15% in ground range
% Ry = 19.3 feet ¢ 2.9 feet
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CHAPTER 9

ATRBLAST AT VARIOJS ALTITUDES ABOVE SEA LEVEL

This chapter presents altitude correction factors for converting
blast effects from any charge in a standard sea level atmosphere to
the same charge at any altitude of interest up to 160,000 feet using
the profiles given in U.S. Standard Atmosphere of 1962. In addition
scaled pressure versus scnled distance curves are presented for vari-
ous altitudes (Figures 19 and 194). .

AP, = AP Sp _ S Nes
AQz = 8Qy Sp f (2)
BPy,z = 0Pr,o Sp o ‘ ()
Ay, = Ao Sq . (4)
TOAz = to Sg¢ | (5)
Tz = To S¢ (6)

I, = I, S | . (7

The subscript,z, refers to the parameter at altitude, z,
and the subscript, o, refers to the parameter at sea level

AP  overpressure (psi)

AQ dynamic pressure (psi)

AP, reflected pressure (psi)
A scaled distance (ft)

TOA time of arrival (msec)
T  positive duration (mse: | !
I ‘positive impulse (psi-~-msec)

Sp altitude correction factor for pressure

Sq altitude correction factor for distance
S¢ altitude correction factor for time
St altitude correction factor for impalse
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_ ‘The altitude scallng equations listed below are valid for equal
jylalcs at sea level and’ at altitude Z,

S, = (BB | (8)
’ - (o sp 1173 | |
Sq = (P,/P,) (9)
L . T, 1/2
N L A2 BEER 0 Qo)
- fr \1/2
4w 2/3 o .
Sy = (P,/P )7 X T | (11)
. where PO = gtmospheric pressure in psi at sea level, 14.7 psi
P, = atmospheric pressure in psi at altitude, 2
TO = atmospheric temperature in °K at sea level = 288.16 °K
T, = atmopsherlc temperature in °K at altitude, z

Protlem Example

For a one-pound TNT charge flred in a standard sea level
atmosphere, the alrblast parameters have the followlng values
at a distance of 8 feet from the charge:

Ag = 8 feet

Po = 9,1 psi

&
g
1t

22.6 psi

6.65 msec
T, = 1.88 msec

=

O

=
|

H
i

6.05 psi-msec

What are the values of these parameters at a digtance of 8 feet
from a one-pound charge fired at 50,000 feet?

Solution

{a) From Figure 9b , the altitude correction factor for distance
Sq» at 50,000 feet 1s 2,056, Therefore, the distance at

sea level that corresponds to 8 feet at an altitude of
50,000 feet 13 8/2.056 = 3.89 feet (A = 1,/84 from
equation 4y.
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From Figure 3a or 3c, the sea level peak overpressure atA
3.89 feet 1s 50 psi. The altitude correction factor for
pressure at 50,000 feet is 0.115.

8p, = 50 X 0.115 = 5.7 psi
(4B, = 4P S)

From Flgure 12b, the peak reflected pressure for 50.0 psi
at sea level is 198.3 psi. The altitude correction factor
1s .115. '

AP = ,115 X 198.3 = 22.8 psi
2 '
(APr,z = APr,oSp)

From Figure 3a or 3¢, the shock arrival time at 3.89 feet
1s 1.70 msec. The altitude correction factor for time at
50,000 feet 1s 2.370,

1.70 X 2.37 = 4.03 msec

TOA,

(TOA, = tost)

From Figure 3a or 3¢, the positive duration at 3.89 feet
is 1.40 mgec. The altitude correction factor for time 1s
2.37 at 50,000 feet. -

T

2 1.40 X 2.37 = 3,32 msec
(T

I}

H
~
2
~

]
'

Z o”t

From Figure 3a or 3¢, the impulse at 3.89 feet is 12.54
psi-msec. The altitude correction factor for impulse 1s
.273 at 50,000 feet.

I, = 12,54 X .273 = 3,42 psi-msec

(I, = IOSI)

summary :

[

]

8 feet 'I‘OAz = 4,03 msec
5.7 psi T = 3,32 msec

2

22.8 psi I, = 3.42 psi-msec

2
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Alternative Solution

An alternative solution for the alrblast pressure can be obtained
using Figure 9c.

At a A = 8 rt/(1b ™NDY3, read a 4P, of 6 psi.

Reference:

Sachs, R. G., "The Dependence of Blast on Ambient Pressure and
Temperature," Ballistics Research Laboratcries Report No. 466, May
1944, Unclassifiled
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Alternative Solution

An alternative solutlon for the airblast pressure can be obtained
using Figure 9c.

At a A, = 8 £6/(1b ™NT)Y/3, read a AP of 6 psi.

Reference:

Sachs, R. G., "The Dependence of Blast on Ambilent Pressure and

Temperature," Ballistics Research Laboratories Report No. 466, May
1944, Unclassified
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ALTITUDE | AMB., PRESS. PRESSURE DISTANCE TIMES IMPULSE
(Kft) (psi) s S4 S¢ St
p
0 1.7 1,00000 1.0000 1,0000 1.00000
2 13,668 «92982 1,02455 1.03167 +95926
L 12,696 « 86369 1,05006 1,06480 091965
6 11.781 °801%3 1,07658 1,099L9 .88116
8 10,920 « TL287 1,10415 1.,13582 84377
10 10,111 068783 1,13285 1.17390 «80745
12 G o351 . 63615 1.,16273 1.,21385 77220
1 8.639 58768 1.19386 1.25579 073799
16 7.971 S22l 1,22632 1.2998Y4 + 70482
18 70346 «149970 1.26017 1.3461k 67267
20 6,761 L5991 ).o29551 1.39486 64151
22 6,21 227l 1.33243 1.44615 .6113l
2 5.704 « 38804 137102 1,50021 5821
2 5.229 «35569 1.41138 1.55722 5538
28 . 786 «32556 1.45363 1.61740 « 52657
30 be37h «29754 1.49790 1.68098 «50017
32 3.991 $27152 1054131 1.74822 L THET
3 3.636 24737 1,59302 1.81941 «145006
3 3 . 307 . 22&99 1, 6'-”-}17 1. 89)4 }.',. 0)-].2632
38 3,005 « 204141 1.69751 1.95767 40022
Lo 2,731 «18577 1,75257 2,02117 « 37547
Lo 2.481 16881 1,80941 2.08672 «35225
Ly 2.255 .+15340 1.86808 2,15438 +330L47
L6 2,049 «13935 1.9286l 2.221,22 « 31005
L8 1,862 «12667 1,99115 2.29632 «29088
50 1,692 .11512 2.05568 2.37073 27291
52 1.538 10461 2.,12228 2444755 «25605
N 1.388 « 09507 2.19103 2.52683 « 24023
56 1,270 .08640 2.26199 2.60867 «22539
58 1015)4- .07852 202352& 2.69311‘ .21114.8
60 1,049 07137 2.4108L 2.78033 19842
62 «953 « 06l 86 2,1,8888 2,87032 «18618
62 867 .05895 2456942 2496321 017469
6 .788 .051358 2.65256 . 3.05872 «16388
68 . T16 0871 2.73822 3,15309 15358
70 +651 0Ll29 2.82639 3,25009 +14395

FIG. 9Db ALTITUDE CORRECTIOM FACTORS
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lALTITUDE | AMB. PRESS. PRESSURE DISTANCE TIMES IMPULSE
(Kft) 1 (psi) sp S4 S¢ St
«592 »04028 2.91712 «34978 «1349L

«539
«490
A 6

Iﬂlée
370
.337
<307
.280
¢ 255

0233
«213
194,
177
0162

03665
03336
03036
02765

02518
02294
02091
01906 .
01738

01585
.01L46
.01320
01204
.01100

3,01048
3,10654h
3.20537
330704

3.41163
3.51920
3.63923
3. 74361
3.86061

3.98092
10460
23176

u'396 m

125202
i 37899

14450937
L.6L323
ly 4 78069
4.92176
5006659

.05572

. FIG.

9b ALTITUDE CORRECTION FACTORS (Continued)
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CHAPTER 10

PEAK OVERPRESSURE AND POSITIVE IMPULSE VS SCALED DISTANCE
FOR SPHERES AND HEMISPHERES DETONATED ON THE SURFACE

Peak overpressure and positive impulse for spheres and
hemispher>s are presented in this Chapter. The ¢ashed curves are
for spherical TNT charges which are tahgent to fhe ground surface.
The solid curves are for hemispherical charges on the ground surface.
That 1s, the two geometrles are as follows:

& o

These configurations are often used 1In large-scale nuclear
weapon blast simulation tests. The curves (and tables)--both for
pressure and for impulse--are composlte curves, based on many experi-
ments. The peak pressures are valid within %z 10% while the impulses
are good to = 15%.

Problem Example

Compare the pressures and impulses generated by 1000-pound
spheres and hemispheres of TNT at a distance of 80 feet.

Solution

(&) ax = R/WH3 = 80/(1000)1/3 = 8 rg/1nl7/3

{b) At this &n read Ps = 17 psi, Phs = 14,5 psi from Figure 10g
and I,s = 9,4 psi-msec and IhS = 9,8 psi-msec from Figures 10b

(Subscripts s and hs refer to sphere and hemisphere, respectively)
(¢) For 1000 pounds I = 9.4 X (1000)1/3 = 9l psi-msec

I, = 9.8 X (1000)Y/3 = 98 psi-msec

h

81
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Alternative Solution: Refer to Figurel0d for 1000 pounds of
TNT and read directly‘Ps = 17.5 psi .

Ppg = 15.0 psi, I = 93.6 psi, msed,

Ipns = 98.5 psi-msec

The hemlspherical data are based on a compendium made by
Kingery and Pannil. The spherical charge curves are based, with some
refinements, on a new compendium of data first appearing 1n
NOLTR 73-105 (see references).

References:

(1) Kingery, C. N. and Pannil, B. F., "Peak Overpressure vs
Scaled Distance for TNT Surface Bursts (Hemispherical Charges),"
BRL-MR-1508, Apr 1964

(2) Kingery, C. N., "Air Blast Parameters vs Distance for
Hemispherical TNT Surface Bursts," BRL Report 13U4, Sep 1966

(3) Sadwin, L. D. and Swisdak, M. M., Jr., "Performance of
Multiton AN/FO Detonations, A Summary Report " NOLTR 73-105,
2 Jul 1973
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OVERPRESSURE (PS1)

1 l‘ II ill!;“:‘u'
0.5

SCALED DISTANCE

(it/1b /3
FIG. 10a PEAK PRESSURE VS SCALED DISTANCE FOR SPHERES AND HEMISPHERES
OF TNT DETONATED ON THE SURFACE
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538t
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SCALE DISTANCE (it/1b1/3)

“«

FIG. 10b_POSITIVE IMPULSE VS SCALED DISTANCE FOR SPHERES AND HEMISPHERES

OF TNT DETONATED ON THE SURFACE
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Sphere

Henmisphere

Sphere

Hemisphere
=

 Scaled
“Distance

Peak
Pressure

Peak
Pressure

Positive
Impulse

Positive
Impulse

‘(feet)

(psi)

T

psi)

(psi-msec)

(psi-msec)

0.8
1.0
1.25
1.50
1.75

2.00
2.25
2.50
2.75
3.00

3.50
4.00
4.50
5.00
6.00

7.00
8.00
9.00
10.00
15.00

20.900
25,0¢
30.00
40.400
50.00

75.00
100.00

1605 -
1538

1258
972.7
738.6

560.2
448.8
337.4
276 .4
215.3

144.9
102.3
75.1
57.0
. 35.6

24.2

- 17.5
13.3
10.5
4.61

2.84
2.07
1.65
1.22
1.0L

0.74
0..59

1629

1147
786.5
564.8
419.7

320.7
250.8
200.0
162.3
133.7

94.4
69.6
53.2
41.8
27.%

19.9

15.0

11.8
2.61
4.67

2.99
2.18
1.71
1.18
0.8Y

0.52
g.35

20.39
16.49
17.1

19.02

23.28
28.90
31.3
31.8
31.0

24.8
20.1
17.05
14.9
12.2

180.5
9.36
8.48
7.79
5.65

4.43
3.59
2.98
2.16
1.64

0.98
0.66

20.00
18.7
18.6
19.6

22.4
24.7
26.4
25.4
23.9

21.1
18.5
l6.6
15.1
12.8

11.1
9.85
8.90
8.10
5.65

4.30
3.48
2.93
2.21
1.79

1.20
0.9¢

FIG. L0c ONE POUND OF TNT
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b Sphere Hemisphere Sphere Hemisphere
: Peak | Peak Positive Positive
5 Distance Pressure Pressure Impulse Impulse
(Feet) (ps1) (ps1i) (psi-msec) (psi-msec)
. 8.0 1605.0 1629.0
1 10.0 1538.0 1147.0 203.9 200.0
; 12.5 1258.0 786.5 164.9 187.0
‘ 15.0 972.7 564.8 171.0 186.0
| 17.5 738.6 419.7 190.2 196.0
‘ 20.0 560,2 320.7 232.8 224.0
22,5 448.8 250.8 289.0 247.0
25,0 337.4 200.0 313.0 264.0
27.5 276.4 l62.3 318.0 254.0
30.0 215.3 133.7 310.0 239.0
35.0 144.¢ 94.4 248.0 211.0
40.0 102.3 69.6 201.0 185,0
i 45,0 75.1 53.2 170.5 166.0
i 50.0 57.0 41.8 149.0 151.0
60.0 35.6 27.8 122.0 128.0
70.0 24.2 19.9 105.0 111.1
80.0 17.5 15.0 93.6 98.5
90.0 13.3 11.8 94.8 89.0
100.0 10.5 9.61 77.9 8l.0
150.0 4.61 4.67 56.5 56.5
200.0 2.84 2.98 44.3 43.0
250.0 2,07 2.18 35.9 34.8
300.0 1.65 1.71 29.8 29.3
400.0 1.22 1.18 21.6 22,1
500.0 1.01 0.89 l6.4 17.9
§ 750.0 0.74 0.52 9.8 12.0
; 1000.0 0.59. 0.35 6.6 9.0
|

FIG. 104 ONE

THOUSAND POUNDS OF

™NT
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Sphere Hemisphere Sphere Hemisphere
: Peak Peak Positive Positive
Distance] Pressure Pressure Impulse Impulge
(Feet) Tps1) Tpsi) o5 i-msed) (psi-msec)
13.7 1605.0 1629.0
17.1 1538.0 1147.0 34¢E.6 342.0
21.4 1258.0 786.5 282.0 319.8
25.6 972.7 564.8 292.4 318.1
29.9 738.6 419.7 325.2 335.2
34.2 560.2 320.7 398.1 383.0
38.5 448.8 250.8 494.2 422.4
42.7 337.4 200.0 535.2 451.4
47.0 276.4 162.3 543.8 434.3
51.3 215.3 133.7 530.1 408.7
59.8 144.9 94.4 424.1 360.8
68.4 ©102.3 69.6 343.7 316.3
76.9 75.1 53.2 291.6 283.9
85.5 57.0 41.8 254.8 258.2
102.6 35,6 27.8 208.6 218.9
119.7 24.2 19.9 179.5 189.8
136.8 17.5 "15.0 160.1 168.4
153.9 13.3 11.8 145.0 152.2
171.0 10.5 9.61 133.2 138.5
256.5 4,61 4.67 96.6 96.6
342.0 2,84 2.98 75.8 73.5
427.5 2,07 2.18 6l.4 59.5
513.0 1.65 1.71 51.0 50.1
684.0 1.22 1.18 36.9 37.8
855.0 1.01 0.89 28.0 30.6
1282.0 0.74 0.52 le.8 20.5
1710.0 0.59 0.35 11.3 15.4
FIG. 1l0e FIVE THOUSAND POUNDS QF TNT
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Sphere Hemisphere Sphere Hemisphere
Peak Peak “Positive Poeitive
Distance Pressure Pressure Impulse Impulse | .
(Feeat) 0 ™) (psi) \psi-msec) (psi-msec) o
17.2 1605.0 1629.0 :
21,5 1538.0 1147.0 439.3 430.9 -
26.9 1258.0 786.5 355.3 402.9 .
32.3 972,7 564.8 368.4 400.7 J
37.7 738.6 419 .7 409.8 422.3 ;
43.1 560.2 320.7 501.6 482.6 =
53.9 337.4 200.0 674.3 568.8 .
59,2 276.4 162.3 685.1 547.2 1
64.6 215.3 133.7 667.9 514.9 3
75.4 144.9 94.4 534.3 454.6 A
86.2 . 102.3 69.6 433.0 398.6 b
96.9 75.1 53.2 367.3 357.6 s
107.7 57.0 41.8 321.0 325.3 b
129.3 35.6 27.8 262.8 275.8 5
150.8 24,2 19.9 226.2 239,1 3
172.3 17.5 15.0 201.7 212.2 y
193.8 13,3 11.8 182.7 191.7 &
215.4 10.5 9,61 167.8 174.5 P
323.2 4.61 :}67 121.7 121.7 1
430.9 2.84 98 95.4 92.6 b
538.6 2.07 2.18 77.3 75.0 il
646.3 1.65 1071 64‘2 63.1 ‘,‘
861.8 1.22 1.18 46.5 47.6 il
i 1
1616.0 0.74 0.52 21.1 25.9 #
2154.0 0.59 0.35 14.2 19.4 i
FIG. 10f TEN THOUSAND POUNDS OF TINT g
M
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Hemisphere Sphere Hemisphere
Peak Peak Posltive Positive
Distance Pressure Pressure Tmpulse Impulse
~(Feet) {psi) A{psl) - ({psi=-msec) (psi=-msec)
27.4 1605.0 1629.0 -
34.2 1538.0 1147.0 697.3 684.0
42.7 1258.0 786.5 564.0 639.5
51.3 972.7 564.8 584.8 636.1
59.8 738.6 - 419.7 650.5 670.3
68.4 560.2 320.7 796.2 766.1
76.9 448.6 250.8 988.4 844.7
85.5 337.4 200.0 1070.0 902.9
94.0 276.4 162.3 1088.0 868.7
102.6 215.3 133.7 1060.0 817.4
119.7 144.9 94.4 848.1 721.6
136.8 102.3 69.6 687.4 632,7
153.9 75.1 53.2 583.1 567.7
171.0 57.0 41.8 509.6 516.4
205.2 35.6 27.8 417.2 437.8
239.4 24,2 19.9 359.1 379.6
273.6 17.5 15.0 320.1 336.9
307.8 13.3 11.8 290.0 304.4
342.0 10.5 9.61 266.4 277.0
513.0 4,61 4.67 193.2 193.2
6384.0 2.84 2.98 151.5 147.1
855.0 2.07 2.18 122.8 119.0
1026.0 1.65 1.71 101.9 100.2
1368.0 1.22 1.18 73.9 75.6
1710.0 1.01 0.89 56.1 61.2
2565.0 0.74 0.52 33.5 41.0
3420.0 0.59 0.35 22.6 30.8
FIG, 10g TWENTY TONS -~ FORI'Y THOUSAND POUNDS OF TNT
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Sphere Hemisphere Sphere Hemisphere

Peak Peak | Positive Positive -

Distance Pressure Pressure Impulse Impulse
(Feet) ' (psi) ] (psl) (psi-msec) | (psi=-msec)
37.1 1605.0 1629.0 &
46.4 1538.0 1147.0 946.4 928.3 3
58.0 ~ |1258.0 786.5 765.4 867.9 /
81.2 738.6 419.7 882.8 909.6 b
92.8 560.2 320.7 1080.0 . 1040.0 g
104.4 448.8 250.8 1341.0 | 1146.0 |9
116.0 337.4 200.0 1453,0 1225.0 8
127.6 276.4 162.3 1476.0 1179.0 3
139.2 215.3 133.7 1439.0 1109.0 %
162.5 144.9 94.4 1151.0 979.4 o
185.7 102.3 69.6 933.0 858.7 E
208.8 75.1 53,2 791.4 770.5 e
232.1 57.0 41.8 691.6 700.8 §
278.5 35.6 27.8 566.3 594.1 %
394,9 24.2 19.9 487.4 515.2 3
371.3 17.5 15.0 434.5 457.2 k
417.7 13.3 11.8 393.6 413.1 A
464.2 10.5 9.61 361.6 376.0 3
696.2 4.61 4.67 262.2 262.2 ::
978.3 2.84 2.98 205.6 199.6 2
1160.0 2.07 2,18 166.6 161.5 4
1392.0 1.65 1.71 138. 3 136.0 ]
1857.0 1.22 1.18 ~100.3 102.6 $i
2321.0 1.01 0.89 76.1 83.1 ki
3481.0 0.74 0.52 45.5 55.7 i1
4642.0 0.59 0.35 30.6 41.8 g 1
' 1

F1G. 10h FIFTY TONS - ONE HUNDRED THOUSAND POUNDS OF TNT H
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Sphere Hemisphere Sphere Hemisphere
Peak Peak Positive Positive
Distance Pressure Pressure Impulse Impulse
(feet) (psi) (psi) (psi-msec] (psi-msec)
46.7 1605.0 1629.0
58.5 1538.0 1147.0 1192.0 1170.0
73.1 1258.0 786 .5 964.0 1094.0
87.7 972.7 564.8 1000.0 1088.0
102.3 738.6 419.7 1i12.0 1146.0
117.0 560.2 320.7 1361.0 1310.0
131.6 448.8 250.8 1690.0 1444.0
J46.2 337.4 200.0 1820.0 1544.0
160.8 276.4 162.3 1860.0 1485.0
175.4 | 215.3 133.7 1813.0 1398.0
204.7 | 144.9 94.4 1450.0 1234.0 M
233.9 ! 102.3 69 .6 1175.0 1082.0 "
263.2 75.1 53.2 997.0 971.0 N
292.4 57.0 41.8 871.0 883.0
350.9 35.6 27.8 713.0 749 .0
}
409.4 | 24.2 19.9 614.0 649.0
467.8 17.5 15.0 547.0 576.0
526.3 13.3 11.8 ! 496.0 520.0
584.8 10.5 9.61 456.0 474.0
877.2 4.61 4.67 330.0 330.0
1170.0 : 2.84 2.98 259.0 251.0
1462.0 ! 2.07 2.18 210.0 204.0
17/54.0 1.65 1.71 174.0 171.0
2329.0 1.22 1.18 126.0 129.0
2924.0 ' 1.01 0.89 95.9 104.7
4386.0 0.74 0.52 57.3 70.2
5848.0 0.59 0.35 38.6 52.6
FIG. 104 ONE HUNDRED TONS - TWO HUNDFED THOUSAND POUNDS OF TNT
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ﬁ _Sphere Hemisphere Sphere Hemisphere
s | Peak Peak “Positive Positive
g1 | Distancd Presaure Pressure Impulse Impulse
Feet) {psT) ~ (ps1) T {psi-nsec) (psi-msec)
4 80.0 1605.0 1629.0 |
i 100.0 1538.0 1147.0 2039.0 2000.0 ;
i 125.0 1258.0 786.5 1649.0 1870.0 :
" 150.0 972.7 564.8 1710.0 1860.0
e 175.0 738.6 419.7 1902.0 1960.0
i 200.0 560.2 320.7 2328.0 2240.0
e 225.0 448.8 250.8 2890.0 2470.0
i 250.0 337.4 200.0 3130.0 2640.0
i 275.0 276.4 162.3 3180.0 2540.0
4 300.0 215.3 133.7 3100.0 2390.0 i
p- :
£ 400.0 102.3 69.6 2010.0 1850.0
\ 450.0 75.1 53.2 1705.0 1660.0
500.0 57.0 41.8 1490.0 1510.0
600.0 35.6 27.8 1220.0 1280.0 :
700.0 24.2 19.9 1050.0 1110.0 g
800.0 17.5 15.0 936.0 985,0 :
900 13.3 11.8 848.0 890.0 g
1000.0 10.5 9.61 779.0 810.0 .
1500.0 4.61 4.67 565.0 565.0 1
2000.0 2.84 2.98 443.0 430.0 k.
2500.0 2.07 2.18 3590 348.0 :
3000.0 1.65 1.71 298.0 293.0 5
4000.0 1.22 1.18 216.0 221.0 9
5000.0 1.01 0.89 164.0 179.0 i
7500.0 0.74 0.52 98.0 120.0 ‘
10000.0 0.59 0.35 66.0 90.0
FIG. 10j FIVE HUNDRED TONS -~ ONE MILLION POUNDS OF TNT f
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CHAPTER 11

CYLINDRICAL EXPLOSIONS

Figures lla-lldgive the ratio of the peak overpressure obtained
from cylinders (for several length-to-diameter ratios) to that
obtained from spheres as a function of the scaled distance, X,
from the charge center. Information is presented both for charges
detonated in free alr and on the surface.

Present data indicate that over the range of scaled distances
presented herein, that Hopkinson or cube-root scaling applies to the
cylindrical data. Very close to cylindrical charges cube-root
scaling 1s known not to apply, with a transition region of some sort
spanning the gap between the two regions.

. All measurements were made at 90° to the longitudinal axis of the
cylinder.

Problem Example 1

What pressure would you experlence 35 feet from a 6/1 cylinder
welghing 125 pounds detonated in free air?

Solution

(a) From Equation 4 of Chapter 1, A = R/W™2 = 35/(125)1/3
= 7 £t/10%/3

(b) At this scaled distance read the ratio
Pcyl/Psph = 1.40 for free air from either Figure Yla or 1llb.

(¢) Go to Figure 3a, at a scaled distance of 7, read the

pressure from a sphere: Psph = 13.9 psi

(d) PCyl = 1.4 x Psph = 1.4 x 13.9 = 19.5 psi

Problem Example 2

What pressure would you experience 30 feet from a 3/1 cylinder
weighing 216 pounds detonated on the ground?

Solution

(a) From Equation 4 of Chapter 1, A = R/Wl/3 = 30/(216)1/3
= 5.0 ft/lbl/3
93
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(b) At this scaled distance read the ratio Pcyl/PSph < 1.62
for a surface burst from either Figure llc or 1ld.

(¢) Go to Figure 10c (tangent spheres detonated on the surface);
at a A = 5.0, read a Psph = 57 psi

(d) Pcyl = 1.62 X Psph = 1.62 x 57 = 92 psil

References:

- (1) wWisotski, J. and Snyer, W, H., "Characteristics of Blast
Waves Obtained from Cylindrical High Explosive Charges", DRI
No. 2286, Denver Research Institute, Nov 1965

(2) Reisler, Ralph, "Alr Blast Parameters from Pentolite
Cylinders Detonated on the Ground in Varlous Orientations, BRL
report in preparation
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Aspect Ratlo (&/4d)

Scaled
Distance
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2l Scaled
Distance Aspect Ratio (£/4)
| gft41b1/3l_ 1/1 2/1__| 3/1 4/1 5/
4,5 1.37 1.36 1.68 1.44 1.36
5.0 1.31 | 1.32 | 1.62 1.40 | 1.32
5.5 1.24 | 1.28 | 1.56 1.36 | 1.29
6.0 1.18 | 1.23 | 1.i8 1.31 | 1.25
6.5 1.11 | 1.18 | 1.%0 1.27 | 1.21
7.0 1.06 | 1.14 | 1.33 1.23 | 1.18
7.5 1.00 | 1.10 | 1.27 1.20 | 1.14
8.0 0.98 { 1.07 | 1.22 1.16 | 1.12
8.5 0.95 | 1.o4 | 1.18 1.14 | 1.09
9.0 0.92 | 1.02 | 1.14 1.11 | 1.07
9.5 0.90 | 1.00 | 1.7 1.09 | 1.05
10.0 0.88 | 0.98 | 1.08 1.07 | 1.03
10.5 0.87 | 0.96 | 1.06 1.05 | 1.02
11.0 0.86 | 0.95 | 1.o04 1.03 | 1.00
11.5 0.85 | 0.93 | 1.03 1.02 | 0.99
12.0 0.84 | o0.92 | 1.02 1.00 | 0.38
12.5 0.84 | o0.91 | 1.01 0.99 | 0.98
13.0 0.84 0.90 1.00 0.98 0.97
13.5 0.83 | 0.%0 | 0.99 0.97 | 0.96
14.0 0.83 | 0.89 | o0.99 0.96 | 0.96
14,5 0.83 | o0.82 | 0.98 0.95 | 0.95
15.0 0.83 | 0.88 | 0.98 0.93 | 0.9%
15.5 0.83 | 0.87 | o0.98 0.92 | 0.9
16.0 0.83 | 0.87 | o0.98 0.91 |} 0.93
16.5 0.83 | 0.87 | o.97 0.90 | 0.93
17.0 0.83 | o0.86 | 0.97 0.89 ) 0.92
17.5 0.83 | 0.85 | 0.96 0.88 | 0.92
18.0 0.83 | 0.85 | 0.96 0.87 | 0.91
18.5 0.82 | o0.8% | 0.96 0.86 | 0.90
19.0 0.82 | 0.84 0.95 0.85 | 0.90
19.5 0.82 1 0.83 | 0.95 0.84 | 0.89
20.0 0.81 |} 0.82 | 0.9% 0.83 | 0.88
20.5 0.81 ] 0.81 | 0.94 0.82 | 0.87
21.0 0.80 0.81 0.93 0.86C 0.87
21.5 0.79 | 0.80 | 0.93 0.79 | 0.86
22.0 0.73 0.79 0.92 0.78 0.85
22.5 0.7 0.78 | 0.91 0.77 | 0.8%
23.0 0.77 | 0.77 | 0.90 0.75 | 0.83
FIG. 11d RATIO PCYLINDER/PSPHERE (SURFACE BURST)
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CHAPTER 12

BLAST CHARACTERISTICS AT THE SHOCK FRONT

The curves 1in this chapter give the blast characteristics at
the shock front--shock veloclty, particle velocity, density ratio,
dynamic pressure, and reflected pressure as calculated from the
Rankine-Hugoniot relations glven below:

C sound veloclty at temperature t, °C

U shock velocity (ft/sec)

-particle velocity (ft/sec)

ambient speed of sound (ahead of shock front)
(ft/sec) at 0°C--1087 ft/sec

density of air behind shock front

ambient density of alr ahead of shock front
density ratlo across the shock front

dynamic pressure (pounds/ine)

peak overpressure at the shock front (pounds/ina)
ambient pressure ahead of the shock front, 14.7 psi

1nstantane8us reflected overpressure at normal incildence
(pounds/in<)

ratio of the specific heats of the medium {ote: a variable
y was used in these calculations--i.e., a y for real air
which varied with overpressure and density ratio). For
almost all calculatlions below about 1000 psi, an average

y of 1.4 can be used.

\ /2
=2 L+.l o‘.E.)._
U = Cg (1 *a B (1)
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u= - (Lt ETE
(@] (e]
2yP _+(y+1)P
& = spoTyT (3)
(o} o)
2
. P
1= 5P _F(y=1)P (4)

P, = 2P + (y+l)q (5)

T
C = CO ‘li + 37318 (6)

Probliem Example 1 B

What are the shockwave parameters at the shockfront of an 80 psi
blast wave propagating into air at 0°C?

Solution
(a) From Figure 12b, for P = 80 psi‘
Shock veloclty = 2603.3 ft/sec
Particle veloclty = 1793.9 ft/sec
Density ratio = 3.216
Dynamic pressure = 87.99 psi
Reflected pressure = 370.87 psi

Problem Example 2

For a shockwave traveling 1,400 ft/sec, what is 1its dynamic
pressure?

Solution

(a) From Wigure 12a, at U = 1,400 ft/sec, the overpressure is
12 psi, and the dynamic pressure 1s 3.0 psi

(b) A more accurate answer can be obtained by interpolation
in Figure 12b.
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(¢) From Figure 12pb:

Shock Velocity Dynamlc Pressure
- 2.21 1371.1 2.21
1400.0 X

1483.1 b.77

_{1400-1371.1)(4.77-2.21)
(1493.1-1371.1)

(28.9)(2.56)
ax 152

.61
Ax + 2.21
2.82 psi

A still more accurate answer can be obtalned by using
equations (1) and (4). By solving equation (1) for P
and inserting the result into equation (4), a result of
g = 2.79 psi 1s obtalned.

Reference:

"Te Effects of Nuclear Weapons," S, Glasstone, editor, U. S. Atomic
Energy Commission, April 1962
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OVER . SHOCK PARTICLE | DENSITY DYNAMIC REFLECTED
PRESSURE| VELOCITY | VELOCITY RATIO PRESSURE PRESSURE
(PSI) (FT/SEC) | (FT/SEC) (PSI) (PST)

.1 1090.2 5.33 1.005 2.42 E-4 .20
.15 1091.8 7.99 1.007 5.45 E-4 .30
.2 1093.4 10.63 1.010 9.69 E-4 .40
.25 1095.0 13.27 1.012 1.51 E-3 .50
o3 1096.6 15.90 1.015 2.18 E-3 .61
.4 1099.8 21.14 1.020 3.27 E-3 .81
.5 1102.9 26 .35 1.024 6.04 E-3 1.01
.6 1106.1 31.53 1.029 8.69 E-3 1.22
.7 1109.2 35.68 1.034 1.18 E-2 1.43
.8 1112.4 41.81}1 1.039 1.54 E-2 1.64
.9 1115.5 46 .90 1.044 1.95 E~-2 1.85
1.0 1118.7 51.97 | .1.049 2.40 E-2 2.06
1.5 1134.2 76 .89 1.073 5.38 E-2 3.13
2.0 1149.4 101.16 1.697 9.5? E-2 4.23
2.5 1164.5 124,81 1.120 «15 5.36
3 1179.4 147.89 1.143 .21 6.51
4 1208.7 192.42 1.189 .37 8.90
5 1237.2 235.00 1.234 .58 11.39
6 1265.1 275.79 1.279 <83 13.98
7 1292.4 314.98 1.322 1.11 16.68
8 1319.2 352.70 1.365 1.44 19.46
9 1345.4 389.08 1.407 1.81 22.34
10 1371.1 424.23 1.448 2.21 25.31
15 1493.,1 584.53 1.643 4.77 41.45
20 1605.8 724 .85 1.823 8.14 59.53
25 1711.2 850.51 1.988 12.22 79.33
30 1810.4 964.91 2.141 16.94 100.66
40 1994.2 1168.56 2.415 28.04 147.26
50 2162.5 1347.69 2.654 40.98 198.29
60 2318.7 1509.05 2.864 55.45 252.95
70 2465.1 1656.84 3.050 71..8 310.63
80 2603.3 1793.88 3.216 87.99 370.87
90 2734.5 1922.17 3.366 105.73 433.28
100 2859.8 2043.16 3.502 124.25 497.58
150 3418.7 2569.93 4.028 225.85 840.12
FIG. 12b IDEAL BLAST CHARACTERISTICS AT THE SHOCK FRONT
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OVER SHOCK PARTICLE | DENSITY DYNAMIC REFLECTED
PRESSURE | VELOCITY | VELOCITY RATIO PRESSURE PRESSURE
(PSI) (FT/SEC) | (FT/SEC) (PSI) {PSI)
200 3899.2 3011.65 4.393 337.76 1206.64
250 4327.6 3400.30 4.667 456 .58 1588.85
300 4717.9 3751.93 4.884 580.59 1982.63
400 5416.0 4375.76 5.206 838.93 2793.09
500 6036.1 4928.68 5.451 1110.07 3630.77
600 6600.1 5432.38 5.652 1392.74 4492 .45
700 7121.6 5829.50 5.827 1686 .52 5376.91
800 7609.2 6338.10 5.986 1991.31 6283.75
900 8069.0 6753.66 6.135 2307.1 7212.82
1000 8505.6 7150.08 6.275 2633.88 8164.05

FIG. 12b TIDEAL BLAST CHARACTERISTICS AT THE SHOCK FRONT (Continued)
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haa M
CHAPTER 13

REFLECTED OVERPRESSURE RATIO VS8
ANGLE OF INCIDENCE FOR VARIOUS INCIDENT OVERPRESSURES

This chapter gives the magnitude of the reflected overpressure
versus the angle of ireidence of the incident shockwave as a function
of the incident overpressure.

X BLAST WAVE FRONT

Pi
a

gy ﬁﬁ, . TP T T T REFLECTING SURFACE

P, = ambient pressure ahead of shock front
L o should be in the
P; £ initial incident peak overpressure same pressure
units

P_ = reflected blast wave overpressure

o £ angle between the blast wave front and
the reflecting surface (degrees)

Problem Example 1

A shockwave of 29.4 psi initial peak overpressure strikes a
reflecting surface at 35° where the ambient pressure is 14.7 psi. Find
the reflected shockwave overpressure.

Solution ;
(a) Pi/'Po=m29:” = 2

(b) From either Figure 13a or 13b, for Py/P_ = 2 at 35°,
PI'/Pi = 3.13. Thus PI’ = 3,13 X Pi = 3,13 X 29.4 A

(c) Pr = 92,0 psi

105
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Problem Example 2

Solution

(b)

e
PO

(a)

Fr
Pr

Reference:

A 2.2 psi shockwave strikes a reflecting surface at an altitude
of 30 Kft at an apgle of 60°. Find the reflected pressure.

(a) From Figure 9 b, at 30,000 ft, the ambient pressure is
4,374 psi

g.2/4.374 = .50
\

(¢) From eibher Figure 13a or 13b, at an angle of 60°, where
Pi/PO = \§, Pr/Pi = 2.11

2.11 Pi = 2.11 X 2.2
4,64 psd

Porzel, F. B., "Height of Burst for Atomic Bombs: Part II,
Theory of Surface Effects \' Los Alamos Sclentific Laboratory,
Report 1664, May 1954, Unclassifled
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CHAPTER 14

AIRBLAST FROM UNDERWATER EXPLOSIONS

The geometry for the data in this chapter is shown below:

. |
| : R~
i
!
l SURFACE ZERO ' Y
| \
% : SURFACE
I
3 i |
. ? d
o |
X |
: s |
SN CHARGE ‘ '
o '
ﬂf‘ Figures l4a through l4f present the blast pressure information as
:ﬁ fixed functions of Ay, with values of Ay varying between 0.25 and 40.
ﬁ‘: Ad scaled charge depth (£t/161/3), aml/3
. Ax scaled horizontal distance (ft/1bl/3), r/wl/3

Ay scaled vertical distance (ft/lb1/3), y/wl/3

Because of the scatter in the experimental pressure data used to
construct these curves, and the uncertainties involved in making the
necessary extrapolations, the curves in this chapter are considered
accurate only to within + 30%.

S
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Problem Example

What is the overpressure at a position 10 feet above the
surface, 60 feet from the surface zero (¥ = 10, R = 60) produced
by 1,000 pounds of TNT detonated 25 ‘eect below the surface.

Solution
(a) W= 1,000 pounds f@
. 3%
W1/3 = 10 poundsl/3
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(e) Tor Ay = 1, go to Figure 1lhb.
an overpressure of 0.5 psi

TR T s e a2

FEEE

(r) P=0.5psl ¢t 0,15 psi

T are

Re.erence:

U e L )

SN Above Shallow Underwater Explosions (U))!
il 5 Dec 1958, Unclassified
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(b) Ay R/WY2 = 60/10 = 6 £t/(1b TNT)L/3
(e) Ag = ¥/wt’3 = 10720 = 1 £t/(1b TNT)L/3

(d) A, = d/wl/3 = 25/10 = 2,5 ft/(1bt ’I‘N'l‘)l/3

At Ay = 6, \q = 2.5, read

i Pittman, J. F., "Characteristics of the Alr Blast Fileld

NAVORD Report 6106,
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CHAPTER 15

AIRBLAST FROM UNDERGROUND EXPLOSIONS

Thils chapter gilves the peak overpressure from underground
explosions as a function of adjusted ground range, X. The adjusted
ground range is a function of ground range, yield, specific gravity
of the soll, and the depth of burst.

“A

X Adjusted scaled ground range, (ft/1b TNT)l/3 = Axep D
D Depth of explosion in feet
R Ground range in feet
W Weight of TNT in pounds
) Specific gravity of soil (see page 128 for representative
values)
A R/WL/3
X
A D/wl/3
D

This technique is applicable for i, < 2 ft/(1lb TNT)l/3

D
Problem Exémg;e

What 1s peak alrblast overpressure that can be expected at a
ground range of 50 feet if 1,000 pounds of TNT are exploded
in alluvium 5 feet below the surface?

Solution
(a) Ay = D/wl/3 =5 £t/(1,000 lb)1/3
Ap = 0.5 rt/1017 3 ;

i e \,_‘: e o

(b) p~“for alluvium) = 1.58 (from page 128 )
o 2y = L.58) (0.5) =0.79 ft/10+ 3

117
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‘A
(&) e Do g0-79 = 5 20
(@) Ay = rw3 = 50 ££/(1,000 1b)%/3
Ay = 6 £5/10%/3
- p'kD
(e) X = Axe = (5) (2.22)
% = 11.0 ft/1b/3

(f) From Figure 15, at X = 11.0, read P = 6 psi
Reference:
"Predlctions of Airblast from Underground Bursts," Chemical

Rocket/Propellant Hazards, Vol 1, General Jafety Engineering Design,
Criteria, CPIA Publication 194, Oct 971
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PEAK OVERPRESSURE (PSI)
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1000 -
x= N P Ap
Aﬁ D
200 \ R = ADJUSTED SCALED GROUND RANGE
\ X = GROUND RANGE IN FEET
100 \ D = DEPTH OF EXPLOSION !N FEET
\ W = WEIGHT OF TNT IN POUNDS
50 p'= SPECIFIC GRAVITY OF SOIL
‘\ (NOTE: THIS CURVE 1S VALID FOR
\\ VALUES OF A, =2 FT/LB 1/3
\
20 \
10
X
5 AN
1‘
2 \\
1
0.5
A
N
0.2 \\
0.1 \ i
N\
oof
N
0.02
0'011 2 5 10 20 50 100 200 500 1000

ADJUSTED SCALED GROUND RANGE, % (F7/ (LBS TNT) ]/3)

FIG. 15 PEAK OVERPRESSURE FROM UNDERGROUND BURSTS
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CHAPTER 16
STATIC PRESSURE FROM EXPLOSIONS IN CONFINCD SPACES
For a high explosive detonated in a closed air space, the 0
pressure develops subsequent to shock wave propagation and slowly o
decays with time as a functlon of heat conduction variables of the ‘.
container. 8
W charge weight, pounds {
V  chamber volume, 1.e., volume of confined air, £t3 iﬁ
‘-,‘ﬂ
AP, static pressure above ambient in psi o
Figures 16a and 16b give the peak static pressure for a given fﬁ
W/V (charge welght/volume) ratio for TNT up to a W/Vof 2 X 10~ lb/ft3. ;{
For the W/V range covered by this chapter, to determine the pressure ;g
produced by another explosive, multiply the TNT pressure by the factor o
given for the explosive in the table on Figure 16a. The range of b
values of W/V miven in Figure 1l6a are extended to include incomplete !iﬁ
combustion and tabulated in Figure 16b. 8
Problem Example 1 i
What static pressure will be generated by 10 pounds of TNT in s
an enclosed volume of 2,000 rt39 I~ﬂ
Dowl
Solution L og
(a) W/V = 10/2000 = 5 ¥ 1073 1b/f£t3 4
i
(b) Enter the graph at this W/V value ffg
(¢) Read the pressure of 58 psi “ !73
-
o
Problem Example 2 bl
What static pressure will be generated by 10 pounds of PETN ﬁ
in an enclosed volume of 2,000 ft3°? 13
120
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Solution
(a) W/V = 10/2000 = 5 X 1073 1ib/rt3
(b) Enter the graph at this W/V value
(¢) Read the pressure of 58.0 psi

(d) Multiply this}Fressure by the factor for PETN given in
Figure 16a:0.57; 58.0 x 0.57 = 33.0 psi

Problem Example 3

What statlic pressure will be generated by 100 pounds of H-6 in
an enclosed volume of 1,000 ft3?

Solutlon
-1

1b/£t3

(a) W/V = 100/1000 = 1.0

(b) Note that this vnlue (10-1) > 2 X 10°°

cantiot be used

so that the graph

(¢) Enter Figure 16b at W/V = 101 ang go across to the
column labeled H-6. Read the pressure of 426.7 psi

Reference:

Proctor, J. F., "Internal Blast Damage Mechanisms Computer
Program," NOLTR 72-231, 31 Aug 1972
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— —+ EQUIVALENCY FACTORS (FOR COMPLETE COMBUSTION)
N 1 ' BASED ON CONFINED EXPLOSION GAS PRESSURE

o b—

T compB 0.81 PETN 0.57
, —  He$ 1.13 TETRYL 0.83
S R Tt R S B O o o ot IO B 1:0 0 1.1 TNT 1.00
: e = HBX=3 1.30 TRITONAL 1,19

ettt b LT PENTOLITE 0,79 RDX 0.65
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FIG, 160 STATIC OVERPRESSURE FROM EXPLOSIONS IN CONFINED SPACES
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CHAPTER 17
THE EFFECTIVE BARE CHARGE WEIGHT OF A CASED WEAPON

The effective bare charge welght of a steel cased weapon
wlll lie somewhere between the actual explosive welght contained
in the bomb (W) and the effective charge welght (we).

Recent experiments have indicated that equation (1) below, an
expression for we, may not be vaild in many instances. Currently,

this problem 1s being 1Investigated.

W/WT Charge to total weight ratio of a cylindrical section

W = Actual weilght of explosive in cylindrical section, 1b
M = Metal case welght of cylindrical section, 1lb
W, = Total welght of c¢ylindrical section, 1b, WT =W + M

Wp must not include the welght of the end pleces;
falilure to observe this caution can result in determin-
ing effective bare charge weights that are to low.

we = Effective bare charge weight for peak overpressure, lb
we/1.19 = Effective bare charge welght for impulse, 1lb

The nomograph in Figure 17 represents the following semi-empirical

equation: M(1-M")
_liem@a-mt)/w (1)
we = [ ESIAT ] X 1.19 W
M/W = Metal to charpe weight ratio of a cylindrical section

of the weapon = (WT/W)—l

M'= M/W for all values of M/W less than one; use M' equal
to one for all values of M/W greater than one

Problem Example

What is the effective bare charge welght of a 1000-1lb semi-armor
plercing bomb (SAP)? Actual weight of explosive in bomb is
320 1b. Charge to total weight of a cylindrical section is 0.38.
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Solution 1

(a) Connect 0.38 on W/wT scale with 320 on W scale 1in Figure 17
and read answer on we scale, 145 1b

Solution 2

W

M Wp 1 .
(@) =g~ 1=pg—gg -1 = 1.632
(b) §>1, 2 M' =1  (from the definition of M' given

previousl¥) )
N 1 C7(1.19)(320)

() We = (1.19) (320)[1+1.632] RN X}

W, = 145 1b

References:

(1) Fisher, E. M., "The Effect of the Steel Case on the Alr
Blast High Explosives," NAVORD Report 2753, 1957 '

(2) Filler, W. S., "A New Approach to Airblast from Cased
Explosives," NOLTR 70-66, Oct 1970
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FIG. 17 THE EFFECTIVE BARE CHARGE WEIGHT OF A CASED WEAPON
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CHAPTER 18

APPARENT CRATER PARAMETERS VS
DEPTH OF BURIAL IN VARIOUS MEDIA

The figures in this Chapter glve the apparent crater dimensions
produced by the detonation of spherical TNT charges in severgl media.
Note that instead of_ the usual "cube root" scaling, i.e., wi/3,
scaling based on W5/16 is used for scaling crater dimensions.

Crater parameters are Héfined in Pigure 18a. Because of the
inherent problems in determining crater dimensions, the indicated
values could be in error ty as much as & 25%.

The flve media considered are:

(1) Alluvium

(2) Basalt

(3) Dry Clay Shale
(4) Playa

(5) Sand

Sand is well-~known, so it doesn't need definition. As for the
other four:

(1) Alluvium is a sedimentary soil, usually composed of sand and
clay, which has generally been deposited by flowlng water.

(2) Basalt is a dark, heavy igneous rock, comprising most of the
lava in the world.

(3) Clay Shale 1s a rock formed from hardened mud, clay, and silt.
Shale 1s the most abundunt sedimentary rock.

(4) Playa 1s essentially a sun-baked mixture of clay, sllt, and

salt. It 1is typlcal desert soll formed by the evaporation
of water from closed depressions on the desert surface.
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Some of the average physical properties of each of these media
are presented in the accompanying table.

Alluvium Basalt qgiig Playa Sand
Specific gravity 1.58 2.58 2.74 2.56 2.65
Dry wei§ht 102 161 104 75 112
(1b/ft3)
Moisture Content 8.1 1.5 23 14 6.6
4 (%)
3 I
44 Youngs Modulus 1.6x10° 6.1x106 3.5x105 3.0x10u 1.2x106
b (psi)
. Shear Modulus s.9x10" | 2.6x10% |1.25x10% | 1.5x00% | 4.7x20%
v pst)
Fer
b Cechestlon (psi 11 3000 21 6.6 h

Provblem Example

v What are the apparent crater dimensions produced by 1000 pounds :
o of TNT detonated 15 feet below the surface in s¢1d?

Solutlon

S—"

(a) W = 1000 1b; w10 = g 66 (1b5/l6)
(b) Scaled Depth of Burst (i) = p/w>/16 < 15/8.66
= 1.73 rt/1p9/16
(¢) From Figure 18i, for the scaled depth of burst of 1.73
ft/1b5/16, by linear interpolation

5/16

scaled crater radius, I‘la/WS/16 = 2,16 ft/1b

Da/5/16 < 1.14 £i/10°710
V1306 o g 30 16M/3/165/16

scaled crater depth,

scaled crater volume,
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hence, (d)

apparent crater radius, R_ = 2.16 ££/1b°/10 x 8.66 165726 = 15.7 ¢

a

apparent crater depth, D, = 1.14 £t/16°/%0 x 8.66 15°/26 < 9.9 £t

v, Y3 = 2.32 £61/3/1,5/16 y g 66 105716 -
20.1 £t1/3

apparent crater volume, V 8100 rt3

a
or alternatively, using Figures 18b, ¢, and d

(¢) Ra/w5/16 = 2.16 /102716

Da/W5/16 = 1.14 £t/10°716
v IS/ | 5 sp £51/305/18

2.16 X 8.66 18.7 ft

[

() R,

1.14 X 8.66

9.9 ft

Pa

Val/3 = 2.32 X 8.66 = 20.1 rti/3

= 3
Va = 8100 ft

Reference:

Dillon, L. A., "The Influence of Soil‘and Rock Properties on
the Dimensions of Explosion Produced Craters," AFWL-TR-71-144,
February 1972
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EJECTA

\TRUE CRATER LIP (UPTHRUSY)
PRESHOT GROUND SURFACE

-RADIUS OF APPARENT CRATER MEASURED AT PRESHOT
® GROUND SURFACE

-MAXIMUM DEPTH OF APPARENT CRATER BELOW PRESHOT
® GROUND SURFACE

Vo-\s/&LUI\éE OF APPARENT CRATER BELOW PRESHOT GROUND

D-DEPTH OF BURST (DISTANCE TO ZP FROM $SGZ)

ZP=-ZERO POINT (EFFECTIVE CENTER OF EXPLOSION ENERGY)

SGZ~-SURFACE GROUND ZERO (POINT ON SURFACE VERTICALLY
ABOVE ZP)

FIG. 18a CRATER PARAMETERS
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AD 7\Ra XDa .'Kva
0 1.2¢6 .60 1.02
.1 1.36 .66 1l.11
o2 1.45 272 1.19
o3 1.55 .78 1.28
.4 1.65 .83 1.36
5 1.74 .88 1.45
.6 l.84 - +92 1.53
o7 1.93 .96 1.61
.8 2.01 1.00 1l.69
.9 2.09 1.04 1.76
1, 2.17 1.07 1.83
1.1 2,23 1.08 1.89
1.2 2.29 1.11 1.95
1.3 2.34 1.13 1.99
1.4 2.38 1.13 2.03
1.5 2.41 1.13 2.06
1.6 2.43 1,12 2.08
1.7 2,44 1.10 2.10
1.8 . 2.44 1.08 2.10
1.9 2.43 1.05 2.09
2, 2.41 1.02 2.07
2.1 2.38 .98 2.04
2.2 2.34 .94 2,01
2.3 2.28 .89 1.97
2.4 2.23 .85 1.92
2.5 2.16 .80 1.86
2.6 2.08 «75 1.80
2.7 2.00 .69 1.72
2.8 1.92 .63 1.65
2.9 1.83 .57 1.57
3. 1.73 «52 1.50
3.1 1.64 .47 1.40
3.2 1.54 .42 1.32
3.3 1.44 «37 1,23
3.4 1.35 «33 1.15
3.5 1.25 .28 1,06
3.6 1.16 «25 .98
3.7 1.06 «22 .90
3.8 .98 .19 .82
3.9 . 89 .17 « 15
4. .81 .14 .68

FIG. 1l8e APPARENT CRATER PARAMETERS VS DEPTH OF
BURIAL FOR ALLUVIUM
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AD = Scaled

A = Scaled
Ra

An = Scaled
a

Ava = Scaled

FIG. 18e
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Depth of Burst, D/W/10(st/10°710)
Radius, R /W>/18(s6/109716)

Depth, Da/W5/16 (£6/16571%)

5/16
Cube Root of Volume, Val/3/w5/16(ft/lb )

APPARENT CRATER PARAMETERS VS DEPTH OF
BURIAL FOR ALLUVIUM (Continued)
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‘Xva
0 .86 .28 .69
cl : ‘97 034 .80
o2 1.09 .40 .92
03 ‘1-020 ' 0‘8 1.03
.4 . 3--32 .56 1»13
.5 1.44° .64 1.24
.6 1.54 73 1.33
o7 1.65 » 90 1.43
.8 1.74 . 8¢ .52
<9 1.81 92 1.59
la 1088 .97 1.65
1.1 1.92 1.00 1.69
1.2 1,95 .02 1.72
1.3 1.95 1.02 1.71
1.4 1.94 1.01 1.69
1.5 1.91 .98 1.66
1.6 1.86 .94 1.61
1,7 1.80 .89 1.54
1.8 1.72 .83 1.46
1.9 1.63 .76 1,37
2. 1,52 .68 1.28
2.1 1.41 .60 1.17
2.2 1.30 «52 1.06

Scaled Depth of Burst, D/Ws/ls(ft/lb
= Scaled Radius, Ra/ws/ls(ft/lbs/ls)
= Scaled Depth, D W76 (gt /107/16)

Scaled Cube Root of Volune, Val/3/W5/16(ft/lb5/16)

FIG, 18f APPARENT CRATER PARAMETERS VS DEPTH OF

BURIAL FOR BASALT
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v
,,:Ef‘ i )\D XR& :\Da 1Va
i 0 .93 1.41 1.26
By .1 .97 1.48 1.33 |
i | .2 1.01 1.55 1l.41 ;
‘!vj; . .3 1.05 1.62 loée
N .4 1.07 1.69 1.55
%} .5 1.10 1.76 1.62
y .6 1.11 1.82 1.68
07 1.12 1.88 1073
08 1.12 -1.94 1.78 Vi
.9 1.12 1.99 1.82
1. 1.10 2.04 1.84
1.1 1.08 2,09 1,87
1.2 1.06 2.14 1.88
1.3 1.02 2.18 1.89
1.4 .99 2.20 1.89
1.5 .95 2.23 1.88 |
1. 6 Y 90 ! 2 'Y 26 10 86
1. 7 [ 85 2 . 28 1. 83 i
1.8 .80 2.28 1.79 {
1.9 .74 2.28 1.75 !
2, .69 2.28 1.70 N
2,1 .64 2.26 1.65
2,2 .58 2.24 1.58
2.3 .53 2,24 1.52
2.4 .48 2.21 1.45
2.5 .43 2.18 1.38
2.6 .38 2.14 1.31
2.7 .34 2.09 1.24
2.8 .30 . 2.04 1.15
2.9 .26 1.99 1.06
3. .23 1.93 .98
A\p = Scaled Depth of Burst, 1’.‘?/&75/1'6 (ft/lbs/ls)
ARy = Scaled Radius, R,W>/16 (££/10°/16)
Ap, = Scaled Depth, D /W>/16 (££/16°/16) |
\vy = Scaled Cube Root of Volume, Va]'/a/Ws/l6 (ft/1b5/16) :
FIG., 18g APPARENT CRATER PARAMETERS VS DEPTH OF !
BURIAL FOR DRY CLA” :
137
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Ap ‘laa lna AVa
0 «95 .41 .80
o1 i1.08 .53 .93
o2 1.20 .64 1.06
.3 1.32 .74 1.17
.4 1.44 .83 1.28
o5 1.55 .91 1.37
«6 1.65 .98 1.46
o7 1.74 1.01 1.53
.8 1.80 1.02 1,58
.9 1.85 1.00 1.61
1. 1.88 .95 1.62
1.1 l.88 .89 1.60
1,2 1.86 .80 1.56
1.3 1.82 .70 1.50
1.4 1.76 .59 1.42
1.5 l.68 .48 1.33
1.6 1.59 .38 1.22
1.7 1.48 .30 1.10
1.8 1.36 .23 .98
1.9 1.24 .17 .86
2- 1012 -14 .73
%D = Scaled Depth of Burst, D/Ws/ls(ft/lbs/ls)
Ap, = Scaled Radius, R/W/1¢ (£6/16°/16)

Ap, = Scaled Depth, D,/W>/'6 (fr/1b%/16)

My, = Scaled Cube Root of Volume, V'_:,‘]'/3/WS/16 (ft/lbs/ls)

BURIAL FOR PLAYA
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FIG, 18h APPARENT CRATER PARAMETERS VS DEPTH OF




NSWC/WOL/TR 75-116

A A
Ra : Dy

1.33 .48
1.47 .54
1.60 .60
1.74 .68
1.87 .78
2.00 - «90

2.11 1.02
2,21 1.17
2.30 1.32
2.37 1.48
2.42 1.63

2.45 1.73
2.46 1.77
2.44 1.78
2,41 1.72
2.35 1.58

2.28 1.42
2.19 ‘ 1.21
2.08 97
1.96 .74
1.83 .52

.

.
1 W=

NHEHEHE R

* e o s »
WO

Scaled Depth of Burst, D/ws/lﬁ(ft/lbs/ls)

Scaled Radius, R /W78 (££/1p°/16)

Scaled Depth, D, /W/1¢ (£t/16°/16)

Scaled Cube Root of Volume, Val/B/ws/lsftllbs/ls)

FIG, 181 APPARENT CRATER PARAMETERS VS DEPTH OF
BURIAI, FOR SAND
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